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1.  EXECUTIVE  SUMMARY 


Effective  management  of  polychlorinated  biphenyls  (PCBs)  in  sediments  is  challenging  and 
expensive.  Hydrophobic  organic  compounds  (HOCs)  such  as  PCBs,  PAHs,  and  DDT  associate 
with  fine-grained,  organic -rich,  sediment  material.  This  serves  as  a  contaminant  reservoir  in 
shallow  estuarine  and  coastal  regions  from  which  fish  and  bottom-dwelling  organisms 
accumulate  toxic  compounds  passed  up  the  food  chain.  However,  recent  work  at  Stanford 
University  and  elsewhere  proposes  that  the  bioavailability  of  hydrophobic  organic  contaminants 
depends  on  how  weakly  or  strongly  they  are  sorbed  to  sediment  organic  matter.  We  find  that 
black  carbon  particles  in  a  wide  variety  of  sediments  act  as  strong  sorbents,  which  naturally  over 
time  tend  to  concentrate  HOCs  and  make  these  compounds  less  available  for  organisms. 

Building  on  these  observations,  we  have  tested  a  new  concept  for  sediment  management  based 
on  addition  of  activated  carbon  to  sediment  to  repartition  hydrophobic  organic  compounds  in  the 
sediment,  reducing  biological  uptake  and  leaching  into  the  overlying  water. 

Sediment  from  the  inter-tidal  zone  of  South  Basin,  Hunters  Point  Naval  Shipyard,  San  Francisco 
Bay  (cover  picture),  was  used  in  this  research.  Sampling  took  place  during  low  tide  along 
approximately  150  yards  of  shoreline  within  the  inter-tidal  zone  as  shown  in  Figure  1.  Historic 
shipyard  and  industrial  activities  in  the  adjacent  region  discharged  PCBs,  PAHs,  and  heavy 
metals  into  the  soil  and  sediment.  Previous  sampling  at  the  site  has  shown  high  PCB  and  PAH 
concentrations  and  this  site  currently  is  under  investigation  for  remedial  action.  Sediment 
characterization  was  carried  out  for  the  bulk  material  and  also  for  size  and  density  separated 
fractions.  The  total  PCB  concentration  was  9.9  ±(0.9)  mg/kg  with  predominantly  higher 
chlorinated  congeners  and  resembling  Aroclor  1260  in  congener  distribution.  The  concentration 
of  16  EPA  priority  pollutant  PAHs  was  8  mg/kg  and  the  total  organic  carbon  (TOC)  was  1.7 
mg/kg. 

The  major  effort  in  this  study  addresses  the  feasibility  of  using  a  coal-derived  sorbent  (e.g.,  coke 
or  granular  activated  carbon)  for  in-situ  stabilization  of  persistent  organic  contaminants  such  as 
PCBs  and  PAHs  in  marine  sediments.  PCB  contaminated  Hunters  Point  sediment  was  contacted 
with  different  sizes  and  doses  of  coke  and  activated  carbon  for  one  and  six  months  (Figure  1). 
Wet,  Hunters  Point  sediment,  equivalent  to  approximately  3.8  kg  dry  weight,  was  placed  in  one 


Figure  1.  Picture  on  the  left  shows  collection  of  sediment  samples  form  the  inter-tidal  zone  at  Hunters  Point 
South  Basin.  Picture  on  the  right  shows  the  setup  for  mixing  experiments  where  sediment  was  contacted 
with  coke  or  activated  carbon  sorbent  for  1-6  months  in  1  gallon  glass  bottles  at  2-3  rpm  tumbling  speed. 


2 


Aqueous  PCB  (ng/L) 


gallon  glass  roller  bottles,  followed  by  addition  of  sorbent  and  approximately  300  mL  of  17  ppt 
seawater.  The  glass  bottles  containing  sediment  and  carbon  were  rolled  at  2-3  rpm.  At  the  end 
of  a  contact  experiment,  the  treated  and  control  sediments  were  harvested  for  physicochemical, 
and  biological  tests  for  contaminant  availability. 

Sediment  characterization  by  size  and  density  fraction  revealed  that  the  heavier  density  (>1.8 
s.g.)  mineral  fraction  of  the  sediment  comprising  sand/silt/clays  contributed  to  94%  of  the 
sediment  mass  but  only  32%  of  the  total  PCBs  and  1 1%  of  the  total  PAHs.  In  comparison,  the 
lighter  density  organic  fraction  comprising  coal/charcoal/coke/wood  comprised  only  6%  of  the 
sediment  mass  but  contained  68%  of  the  PCBs  and  89%  of  the  PAHs.  This  study  is  the  first 
documented  case  showing  that  PCBs  are  concentrated  on  the  light  fraction  of  sediment  solids. 
Because  there  is  no  reason  to  suspect  co-disposal  of  PCBs  and  materials  that  comprise  the  light 
density  sediment  fractions,  it  appears  that  over  an  extended  period  of  time  in  the  field,  PCBs 
slowly  transfer  onto  strongly  sorbing  carbonaceous  particles  present  in  the  sediment  through  a 
natural  sequestration  process. 


Results  from  three  biological  and  three  physicochemical  tests  show  that  PCB  availability  is 
reduced  significantly  when  contaminated  sediments  are  treated  with  activated  carbon  and  mixed 
for  one  month.  Aqueous  equilibrium  PCB  concentrations  were  reduced  by  86%  for  GAC-treated 
sediment  relative  to  untreated.  Total  PCBs  released  to  semi-permeable  membrane  devices 
decreased  by  72%  for  GAC-treated  sediment.  Treating  sediment  with  activated  carbon  reduced 
PCB  bioaccumulation  by  69%  in  Macoma  balthica  (clam).  As  shown  in  Figure  3  the  percent 
reduction  in  PCB  uptake  varied  with  PCB  chlorination  level  and  ranged  from  83%  for  the 
pentachlorobiphenyls  to  47%  for  the  octachlorobiphenyls.  The  parallel  test  with  coke 
amendment  showed  that  the  addition  of  coke  had  no  significant  impact  on  PCB  bioaccumulation. 
Similar  reductions  in  PCB  bioaccumulation  with  activated  carbon  were  observed  in  two  other 
benthic  organisms:  83%  in  Neanthes  arenaceodentata  (worm),  and  72%  in  Leptocheirus 
plumulosus  (amphipod).  We  conclude  from  these  results  that  addition  of  activated  carbon  to 
PCB  contaminated  sediment  is  an  effective  in- situ  stabilization  method  to  reduce  contaminant 
availability  to  biota  and  surrounding  water.  Thus,  the  application  of  fresh,  high  adsorption 
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Figure  2.  Figure  on  the  left  shows  reduction  of  equilibrium  aqueous  concentrations  by  PCB  homolog 
after  treatment  of  Hunters  Point  sediment  with  activated  carbon  for  1  month  and  6  months.  Figure  on 
the  right  shows  reduction  of  total  PCB  accumulation  in  three  benthic  organisms. 
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affinity  and  high  surface  area  activated  carbon  to  sediments  in  the  field  will  result  in  the 
repartitioning  of  hydrophobic  contaminants  from  the  available  sediment  components  to  the 
applied  sorbent  phase  where  the  contaminants  become  much  less  bioavailable  due  to  the  strong 
binding. 

We  tested  the  effect  of  dose  on  reducing  the  chemical  availability  of  PCBs  and  PAHs  and  the 
bioavailability  of  PCBs  by  contacting  sediment  with  GAC  at  concentrations  of  0.34%,  1.7%  and 
3.4%,  dry  mass  basis.  Our  results  showed  that  increasing  carbon  dose  increases  the  effectiveness 
of  carbon  treatment.  Adding  3.4%  carbon  was  more  effective  than  adding  1.7%,  thus  showing 
that  we  have  likely  not  reached  the  optimal  dose.  A  separate  experiment  using  GAC  crushed  to 
smaller  size  (<  75pm)  showed  that  smaller  particle  diameter  GAC  was  significantly  more 
effective  (98%  reduction)  at  reducing  aqueous  equilibrium  concentrations  than  uncrushed  (75- 
300  pm)  (92%  reduction). 

Coke  decreased  PAH  aqueous  equilibrium  concentrations  by  38-64%  depending  on  coke  dose 
and  particle  size.  Adding  coke  had  a  negligible  effect  on  reducing  PCB  bioaccumulation  in 
benthic  organisms,  probably  due  to  slow  kinetics  of  PCB  diffusion  into  the  particles.  The  greater 
effectiveness  of  GAC  compared  to  coke  is  attributed  to  a  much  greater  available  surface  area  and 
internal  porosity,  and  the  ability  to  bind  organic  contaminants  such  as  PCBs  and  PAHs.  Results 
from  the  physicochemical  tests  suggest  that  adding  GAC  to  contaminated  field  sediment  reduces 
HOC  availability  to  the  aqueous  phase.  The  benefit  is  manifested  relatively  quickly  under 
optimum  contact  conditions  and  improves  in  effectiveness  with  contact  time. 

These  results  point  to  a  new  concept  for  sediment  management  based  on  addition  of  material  like 
activated  carbon  to  sediment  and  in  situ  active  treatment  to  reduce  the  bioavailability  of 
persistent,  hydrophobic  organic  contaminants.  The  efficiency  of  the  technology  will  depend  on 
carbon  sorbent  type,  the  effects  of  different  carbon  dosages,  contact  times  with  sediment,  and 
carbon  particle  sizes.  Prior  in  situ  sediment  stabilization  efforts  include  capping  with  clean  sand 
or  geofabric.  Problems  with  these  approaches  include  the  long-term  efficiency  and  maintenance 
of  cap  integrity  during  high  flow  or  storm  events,  physical  alteration  of  indigenous  habitat, 
disruption  by  organisms  that  burrow  into  the  caps,  and  the  permanence  of  the  treatment 
effectiveness.  Our  approach  overcomes  these  limitations  by  applying  inexpensive  and  non- toxic 
coal-derived  materials  as  a  sorbent,  in  combination  with  in-depth,  fundamental  investigation  of 
the  physicochemical  processes  involved  in  the  treatment.  We  anticipate  that  the  addition  of 
granular  activated  carbon  to  contaminated  sediment  is  a  potentially  cost-effective,  in  situ 
stabilization  technology.  A  sediment  quality  criteria  for  the  cleanup  of  Hunters  Point  South 
Basin  has  not  been  determined,  and  therefore  actual  cost  figures  for  a  remedial  action  is  not 
available.  For  the  purpose  of  cost  comparison  in  this  research  we  used  the  effects  range  median 
(ER-M)  value  of  close  to  200  ppb  from  the  Draft  Validation  Study  Report  for  Hunters  Point.  We 
estimate  the  cost  of  in-situ  remediation  with  carbon  for  a  mid-range  PCB  concentration  footprint 
at  Hunters  Point  South  Basin  (200  -1000  ppb  PCB  concentration)  to  be  $  3.9  million  using  fresh 
GAC,  and  $2.7  million  using  regenerated  carbon.  These  costs  are  much  smaller  than  an 
estimated  cost  of  tens  of  millions  to  remove  the  contaminated  sediments  in  the  region,  process 
the  sediment,  and  dispose  it  in  a  landfill.  Thus,  significant  cost  savings  are  expected  using  the 
proposed  in-situ  treatment  compared  to  traditional  dredging  and  disposal  of  sediments. 
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We  have  identified  several  vendors  with  equipment  that  can  be  used  to  deploy  and  mix  carbon 
into  sediments  in  the  field  scale.  These  equipments  are:  underwater  rototillers  used  to  remove 
aquatic  weeds,  and  injection  systems  used  traditionally  for  sediment  solidification  with  cement 
mortar.  Because  these  equipments  are  readily  available  and  designed  to  work  in  soft  sediments, 
there  is  little  equipment  development  work  required  for  taking  this  technology  from  the  bench 
scale  to  the  pilot  scale.  Thus,  this  project  is  ready  for  transition  into  the  field  through  a 
demonstration  project  at  the  pilot  scale  to  test  the  efficiency  of  mixing  carbon  in  the  field  and  the 
effectiveness  of  activated  carbon  in  reducing  PCB  bioavailability  in  the  field  environment. 


2.  ORGANIZATION  OF  THIS  REPORT. 

This  final  report  is  organized  into  an  executive  summary  followed  by  an  outline  of  the 
background  and  research  objectives  and  milestones  of  the  project.  This  is  followed  by  a 
summary  of  project  accomplishments  and  response  to  action  items.  This  project  has  developed  a 
novel  remediation  approach  for  PCB -impacted  sediments  and  demonstrated  the  feasibility  at  the 
laboratory- scale.  The  efforts  taken  to  transition  the  technology  to  the  field  is  described  in 
Section  7  and  estimated  cost  of  the  technology  for  a  field  application  is  provided  in  Section  8.  A 
list  of  peer-reviewed  papers  derived  from  this  research  project  is  presented  in  Section  9  and  a  list 
of  technical  presentations  made  is  presented  in  Section  10.  Key  project  staff  who  made  this 
research  possible  are  presented  in  Section  11.  The  research  outcomes  from  the  multidisciplinary 
research  team  in  this  project  were  written  up  as  detailed  technical  reports  that  were  eventually 
submitted  for  publication  in  peer-reviewed  journals.  The  detailed  research  reports  are  presented 
in  Appendices  I  through  IX.  We  have  obtained  permission  from  the  American  Chemical  Society 
to  incorporate  the  papers  published  in  Environmental  Science  and  Technology  into  this  report. 
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3.  BACKGROUND. 

The  Department  of  Defense  (DoD)  has  undertaken  the  task  of  cleaning  up  waste  sites  resulting 
from  numerous  industrial,  commercial,  training,  and  weapons  testing  activities  as  well  as 
cleaning  up  and  closing  military  bases  for  property  transfer.  The  estimated  cost  of  completing 
the  remaining  remediation  work  is  over  $28  billion  [EPA,  1997].  A  number  of  these  sites 
involve  contaminated  sediments. 

Hydrophobic  organic  compounds  such  as  PAHs  and  PCBs  are  important  contaminants  of 
concern  to  the  DoD.  These  contaminants  associate  with  fine  grained,  organic -rich  material  in 
sediment,  and  are  long-lived.  Sediment  serves  as  a  contaminant  reservoir  from  which  fish  and 
bottom-dwelling  organisms  can  accumulate  toxic  compounds  like  PCBs  that  are  passed  up  the 
food  chain.  Thus  cost-effective  and  efficient  technologies  for  contaminated  sediment 
management  can  significantly  reduce  the  defense  expenditure  on  environmental  restoration  and 
achieve  the  DoD  environmental  security  goals  and  objectives.  Of  special  interest  are  non¬ 
removal,  in  situ  technologies  that  are  aimed  at  contaminant  stabilization.  Such  in  situ 
technologies  are  attractive  due  to  their  less  intrusive  nature  and  significant  cost-effectiveness. 

Innovative  engineering  solutions  to  the  problem  of  persistent  organic  contaminants  in  aquatic 
food  webs  requires  rethinking  of  the  existing  remediation  paradigm  of  dredge- and- 1  andf i  11." 

Our  recent  discoveries  of  contaminant  sorption  and  association  with  highly  sorbing  natural 
particles  in  sediments  are  opening  up  new  opportunities  for  revolutionary  in  situ  management 
strategies.  New  initiatives  by  the  EPA  on  incorporating  site-specific  bioavailability  factors  in 
sediment  restoration  decisions  makes  innovative,  in  situ  technologies  aimed  at  reducing  the 
biological  availability  of  contaminants  in  sediments  especially  attractive.  In  our  current  work  we 
are  beginning  to  address  this  challenge  by  bringing  together  researchers  from  diverse  fields  to 
assess  benthic  biogeochemical  processes  and  biota  feeding  and  contaminant  exposure.  We  are 
applying  this  mechanistic  knowledge  to  assess  a  novel  sediment  management  strategy.  We 
propose  that  the  addition  of  a  low  cost  sorbent  like  granular  activated  carbon  (GAC)  to  sediments 
may  be  a  cost-effective,  in  situ  management  strategy  by  sorbing  organic  contaminants  and 
thereby  reducing  bioavailability  and  bioaccumulation.  Such  a  management  strategy  is  especially 
attractive  for  large  areas  of  low  level  PCB  concentrations.  Our  management  strategy  requires 
mechanistic  understanding  of  linked  physical  and  biological  processes  and  using  such 
information  in  conceptual  and  quantitative  models  to  understand  the  efficacy  of  the  in  situ 
stabilization  process. 


4.  RESEARCH  OBJECTIVES  AND  MILESTONES 

This  research  extends  and  applies  the  scientific  foundations  developed  in  an  award-winning 
SERDP  project  by  the  principal  investigators  and  carries  the  work  forward  to  the  development  of 
a  novel  and  cost  effective  in-situ  containment/stabilization  technology  for  the  management  of 
PCB  and  PAH  contaminated  marine/estuarine  sediments.  This  work  extends  to  marine 
sediments  and  PCBs  new  research  methods  on  the  characterization  of  PAHs,  their  association 
with  sediment  particles,  and  their  aqueous  and  biological  availability.  These  techniques  are 
applied  to  assess  in  situ  stabilization  of  PCBs  and  PAHs  through  the  use  of  low-cost,  coal- 
derived  material  like  coke  and  activated  carbon  to  sequester  persistent  organic  contaminants. 
Marine  sediments  from  a  Navy  site  were  chosen  for  laboratory  testing  and  demonstration  of 
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proof  of  concept  for  the  technology.  The  major  milestones  accomplished  in  the  three  years  of 
this  project  are  listed  below. 


Milestones 

Responsible 

Organization 

Deadline 

1.  Obtain  marine  sediment  samples  from  a  DoD  site 
contaminated  with  PAHs  and  PCBs. 

Stanford 

1/01 

Completed 

2.  Select  and  obtain  samples  of  coal-derived  sorbents  to  be 
tested. 

Stanford 

5/01 

Completed 

3.  Screening  tests  on  toxicity  of  proposed  sorbent  materials 
before  and  after  addition  to  sediment.  (Go/No-Go) 

WES 

9/01 

Completed 

4.  Investigate  PAH  and  PCB  distribution  among  sediment 
particle  types  using  subparticle  scale  analytic  techniques  and 
bulk  separation  and  analysis. 

Stanford 

9/01 

Completed 

5.  Develop  TPD  test  protocols  for  PCBs  and  perform  screening 
tests  with  field  sediment  samples. 

WES 

9/01 

Completed 

6.  Conduct  desorption  kinetic  studies  and  estimate  aqueous 
availability  of  PAHs  and  PCBs  from  sediment  particle  types. 

Stanford 

9/02 

Completed 

7.  Set  up  short-term  and  long-term  equilibration  tests  for 
assessing  the  effect  of  sorbent  contact  time  for  bioassay  tests; 
conduct  bioaccumulation  tests. 

WES 

9/02 

Completed 

8.  Investigate  the  phase  transfer  of  PAHs  and  PCBs  from 
sediment  to  coal-derived  sorbent  material.  (Go/No-Go) 

Stanford 

9/02 

Completed 

9.  Conduct  thermal  program  desorption  tests  with  separated 
particles  from  Hunters  Point  sediment,  and  coke  particles. 

Notre  Dame 

12/02 

Completed 

10.  Contaminant  phase  transfer  and  decrease  in  availability 

Stanford/ 

UMBC 

12/2003 

Completed 

11.  Cost  estimate  of  proposed  technology 

Stanford/ 

UMBC 

12/2003 

Completed 

12.  Assimilation  and  technical  reports 

Stanford 

UMBC 

WES 

Notre  Dame 

3/2004 

Completed 

5.  PROJECT  ACCOMPLISHMENTS: 

All  project  milestones  for  fiscal  years  2001,  2002,  and  2003  have  been  accomplished.  The 
research  results  are  presented  as  journal  articles  that  have  either  been  submitted  for  publication 
or  are  in  working  draft  forms.  The  major  findings  of  the  research  have  been  outlined  in  the 
executive  summary.  The  summaries  of  the  submitted  and  published  journal  articles  that  present 
the  detailed  technical  outcome  of  this  research  are  presented  in  this  section.  The  full  papers  are 
presented  in  the  appendices. 
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1.  PCB  and  PAH  Speciation  Among  Particle  Types  in  Contaminated  Harbor 
Sediments  and  Effects  on  PAH  Bioavailability.  This  research  provides  particle  scale 
understanding  of  PCB  and  PAH  distribution  in  sediments  obtained  from  three  urban  locations  in 
the  United  States:  Hunters  Point,  CA;  Milwaukee  Harbor,  WI;  and  Harbor  Point,  NY.  The 
sediments  comprised  mineral  grains  (primarily  sand,  silt,  and  clays)  and  carbonaceous  particles 
(primarily  coal,  coke,  charcoal,  pitch,  cenospheres,  and  wood).  The  carbonaceous  sediment 
fractions  were  separated  from  the  mineral  fractions  based  on  their  lower  density  and  were 
identified  by  petrographic  analysis.  In  all  three  sediments  carbonaceous  particles  contributed  5- 
7%  of  the  total  mass  and  60-90%  of  the  PCBs  and  PAHs.  The  production  of  carbonaceous 
particles  is  not  known  to  be  associated  with  PCB  contamination,  and  it  is  very  unlikely  that  these 
particles  can  be  the  source  of  PCBs  in  the  environment.  Thus,  it  appears  that  carbonaceous 
particles  preferentially  accumulate  PCBs  acting  as  sorbents  in  the  aqueous  environment  if  PCBs 
are  released  directly  to  the  sediment  or  if  deposited  as  airborne  soot  particles.  Aerobic  bioslurry 
treatment  resulted  in  negligible  PAH  loss  from  the  carbonaceous  coal-derived  material  in 
Milwaukee  Harbor  sediment,  but  resulted  in  80%  of  the  PAHs  being  removed  from 
carbonaceous  particles  in  Harbor  Point  sediment.  Microscale  PAH  extraction  and  analysis 
revealed  that  PAHs  in  Harbor  Point  sediment  were  associated  mainly  with  coal  tar  pitch  residue. 
PAHs  present  in  semi- solid  coal  tar  pitch  are  more  bioavailable  than  PAHs  sorbed  on 
carbonaceous  particles  such  as  coal,  coke,  charcoal,  and  cenosphere.  Results  of  this  study 
illustrate  the  importance  of  understanding  particle-scale  association  of  hydrophobic  organic 
contaminants  for  explaining  bioavailability  differences  among  sediments. 

2.  Microscale  Detection  of  Polychlorinated  Biphenyls  Using  Two-Step  Laser  Mass 
Spectrometry.  Microprobe  two-step  laser  desorption/laser  ionization  mass  spectrometry 
(|lL2MS)  is  used  as  a  new  analytical  technique  for  the  detection  of  polychlorinated  biphenyls 
(PCBs).  Three  standard  Aroclor  solutions  (Aroclor  1232,  1242,  and  1262)  and  three  samples  of 
activated  carbon  spiked  with  Aroclor  1242  are  examined.  All  the  PCBs  present  in  the  Aroclor 
solutions  are  clearly  identified  using  pL“MS.  The  distribution  of  the  peaks  follows  the  relative 
natural  abundances  of  the  carbon  and  chlorine  isotopes.  |lL"MS  analyses  of  the  spiked  particles 
of  activated  carbon  reveal  the  presence  of  PCBs  and  an  abundance  of  polycyclic  aromatic 
hydrocarbons.  The  detection  limit  for  PCBs  on  solid  surfaces  is  determined  to  be  between  1  and 
10  ppm.  Because  the  spatial  resolution  of  the  pL“MS  instrument  varies  between  10  and  40 
microns,  PCB  information  at  the  sub-particle  scale  can  be  obtained. 

3.  Addition  of  carbon  sorbents  to  reduce  PCB  and  PAH  bioavailability  in  marine 
sediments:  Physicochemical  Tests.  The  addition  of  carbon  sorbents,  i.e.,  coke  and  granular 
activated  carbon  (GAC),  to  marine  sediments  is  evaluated  as  an  in  situ  treatment  method  to 
reduce  the  chemical  and  biological  availability  of  hydrophobic  organic  contaminants  (HOCs) 
such  as  polychlorinated  biphenyls  (PCBs)  and  polycyclic  aromatic  hydrocarbons  (PAHs).  In  this 
first  of  a  two  part  series,  we  report  results  from  physicochemical  experiments  that  assess  this 
concept.  PCB-  and  PAH-contaminated  sediment  from  Hunters  Point  Naval  Shipyard,  San 
Francisco  Bay,  CA,  was  contacted  with  coke  and  GAC  (3.4%  by  weight)  in  roller  bottles  for 
periods  of  one  and  six  months.  At  the  end  of  the  contact  periods,  the  sediment  was  divided  for 
use  in  physicochemical  and  biological  studies.  Sediment  treated  with  GAC  showed  reductions  in 
aqueous  equilibrium  PCB  and  PAH  concentrations  up  to  92%  and  80%,  respectively,  compared 
to  untreated  sediment.  Treating  with  GAC  reduced  PCB  and  PAH  uptake  by  semi-permeable 
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membrane  devices  (SPMD)  up  to  77%  and  83%,  respectively.  Treating  with  GAC  reduced  PCB 
flux  to  overlying  sediment  in  quiescent  systems  up  to  89%.  Adding  coke  to  contaminated 
sediment  decreased  aqueous  equilibrium  PAH  concentrations  by  38-64%  depending  on  coke 
doses  and  particle  sizes.  In  most  other  experiments,  adding  coke  did  not  significantly  reduce 
PCB  and  PAH  availability  as  measured  by  these  flux  or  SPMD  physicochemical  tests.  The 
greater  effectiveness  of  GAC  compared  to  coke  is  attributed  to  its  greater  available  surface  area 
and  ability  to  bind  organic  contaminants  such  as  PCBs  and  PAHs.  Results  from  the 
physicochemical  tests  in  this  work  and  from  the  biological  studies  described  in  part  2  suggest 
that  adding  a  carbon  sorbent  such  as  GAC  to  sediment  can  reduce  HOC  availability  to  the 
aqueous  phase  and  to  biota,  thus  making  it  a  potentially  effective  method  for  in  situ  treatment  of 
marine  sediment  contaminated  with  HOCs. 

4.  Addition  of  Granular  Activated  Carbon  (GAC)  and  Coke  to  Reduce  PCB 
Bioavailability  in  Sediments:  Bioaccumulation  and  Toxicity  Tests.  This  work  compares  the 
effects  of  adding  coke  and  granular  activated  carbon  (GAC)  on  the  bioavailability  of 
polychlorinated  biphenyls  (PCBs)  in  contaminated  sediment.  We  show  that  GAC  reduces  PCB 
bioaccumulation  by  a  polychaete  and  amphipod,  and  PCB  concentrations  in  sediment  pore  water, 
by  nearly  one  order  of  magnitude.  Adding  coke  had  a  negligible  effect  on  reducing  PCB 
bioaccumulation,  probably  due  to  slow  kinetics  of  PCB  diffusion  into  the  particles.  Regression 
analyses  revealed  that  reductions  in  dissolved  PCB  concentrations  in  both  the  pore  water  and 
digestive  fluids  in  the  presence  of  GAC  correspond  to  reductions  in  bioaccumulation.  However, 
the  effects  of  these  carbon  sources  on  bioaccumulation  were  not  predicted  by  the  BSAF  model, 
which  over-predicted  the  efficacy  of  coke  and  under-predicted  the  efficacy  of  GAC.  Reductions 
in  congener  bioaccumulation  were  inversely  related  to  congener  Kow,  suggesting  that  the 
efficacy  of  GAC  is  controlled  by  the  rate  and  extent  that  HOCs  are  released  from  sediment  into 
the  aqueous  phase  and/or  taken  up  by  GAC.  While  no  acute  toxic  effects  of  GAC  addition  were 
observed,  growth  rates  were  reduced  by  GAC  for  the  polychaete  but  not  for  the  amphipod.  The 
study  demonstrates  that  GAC  can  reduce  the  surfactancy  of  polychaete  digestive  fluids,  and 
suggest  that  growth  impairment  might  be  a  result  of  the  strong  organic  sorptive  properties  of 
GAC  limiting  nutrient  availability  to  the  GAC-ingesting  polychaete.  The  study  concludes  that 
GAC  treatment  warrants  consideration  as  an  in  situ  technique  for  reducing  bioavailability  of 
sediment-associated  HOCs. 

5.  Contaminant  Exposure  Control  in  Sediments  Using  Activated  Carbon  Adsorbent. 

Innovative  engineering  solutions  to  the  problem  of  persistent  organic  contaminants  in  aquatic 
food  webs  requires  rethinking  of  the  existing  remediation  paradigm  of  “dredge- and- landfill.”  In 
this  research  we  propose  that  the  addition  of  a  low  cost  sorbent  like  granular  activated  carbon 
(GAC)  to  sediments  may  be  a  cost-effective,  in-situ  management  strategy  by  sorbing  organic 
contaminants  and  thereby  reducing  bioavailability  and  bioaccumulation.  We  used  three  different 
physicochemical  tests  to  determine  the  effectiveness  of  adding  carbon  sorbents  to  sediment  to 
reduce  contaminant  availability  to  the  aqueous  phase.  These  were  aqueous  equilibrium  PCB  and 
PAH  concentration,  uptake  of  PCBs  and  PAHs  by  semi-permeable  membrane  devices  (SPMDs), 
and  PCB  flux  from  sediment  under  quiescent  conditions.  Adding  granular  activated  carbon 
(GAC)  to  sediment  significantly  reduced  PCB  and  PAH  availability  to  the  aqueous  phase  in  all 
three  types  of  physicochemical  tests.  To  measure  the  effectiveness  of  activated  carbon  in 
lowering  aqueous  phase  concentrations,  we  measured  equilibrium  aqueous  PAH  concentrations 
for  untreated  sediment  and  sediment  treated  with  activated  carbon  and  contacted  for  six  months. 
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Reductions  in  PAH  aqueous  equilibrium  concentrations  were  83%  for  phenanthrene,  94%  for 
fluoranthene,  and  88%  for  pyrene.  The  other  two  physicochemical  tests  gave  similar  results  in 
reduction  of  PAH  abvailability.  Thus,  PAH  availability  in  the  aqueous  phase  in  contact  with 
sediment  or  sediment  pore  water  is  reduced  significantly  after  contact  with  activated  carbon. 

The  effectiveness  of  GAC  was  increased  by  increasing  carbon  dose  and  decreasing  carbon 
particle  size. 

6.  Model  Verification  of  Thermal  Programmed  Desorption-Mass  Spectrometry  for 
Estimation  of  Release  Energy  Values  for  PAHs  on  Mineral  Sorbents.  The  physical 
availability  of  organic  compounds  in  soil  and  sediment  strongly  influences  their  bioavailability 
and  toxicity.  Previous  work  has  indicated  that  physical  availability  changes  throughout  the 
processes  of  aging  and  treatment  and  that  it  can  be  linked  to  the  energy  required  to  release  the 
compound  from  its  sorbent  matrix,  with  a  higher  energy  indicating  a  more  tightly  bound 
compound.  This  study  focused  on  determining  release  energy  values  for  various  mineral 
geosorbents  (glass  beads,  sand  and  kaolin)  contaminated  with  a  16  PAH  mixture.  The  sorbents 
were  analyzed  using  Thermal  Program  Desorption/Mass  Spectrometry  (TPD/MS)  and  the  release 
energy  values  were  calculated  from  the  resulting  thermograms  utilizing  a  non-linear  fit  of  the 
analytical  solution  to  a  simplified  version  of  the  Polanyi-Wigner  equation.  This  solution  method 
resulted  in  a  series  of  combinations  of  values  for  the  pre-exponential  factor  and  release  energy 
(E)  that  produced  desorption  rate  curves  with  similar  errors  when  fit  to  actual  data  sets.  These 
combinations  can  be  viewed  as  an  error  surface,  which  clearly  shows  a  valley  of  minimum  error 
values  spanning  the  range  of  both  E  and  the  pre-exponential  factor,  indicating  that  this  method 
may  not  provide  a  unique  set  of  E  and  pre-exponential  factorvalues  and  suggesting  that  the 
simplified  version  of  the  Polanyi-Wigner  equation  cannot  be  used  to  determine  release  energy 
based  on  TPD  data  alone. 

7.  The  Effects  of  Dose  and  Particle  Size  on  Activated  Carbon  Treatment  to 
Sequester  PCBs  and  PAHs  in  Marine  Sediments.  Recent  laboratory  studies  show  that  mixing 
activated  carbon  with  contaminated  sediment  reduces  the  chemical  and  biological  availability  of 
hydrophobic  organic  contaminants.  In  this  study  we  test  the  effects  of  varying  the  activated 
carbon  dose  and  particle  size  in  reducing  the  aqueous  availability  of  polychlorinated  biphenyls 
(PCBs)  and  polycylic  aromatic  hydrocarbons  (PAHs)  and  the  uptake  of  PCBs  by  two  benthic 
organisms.  We  mixed  PCB-  and  PAH-contaminated  sediment  from  Hunters  Point  Naval 
Shipyard  San  Francisco  Bay,  CA,  USA, for  one  month  with  activated  carbon,  at  doses  of  0.34%, 
1.7%  and  3.4%,  dry  mass  basis.  We  found  that  increasing  the  carbon  dose  increased  the 
effectiveness  in  reducing  PCB  bioaccumulation.  In  56-d  uptake  tests  with  the  benthic  organisms 
Neanthes  arenaceodentata  and  Leptocheirus  plumulosus  PCB  bioaccumulation  was  reduced  by 
93%  and  90%,  respectively,  with  3.4%  carbon.  Increasing  the  dose  also  increased  the 
effectiveness  in  reducing  PCB  and  PAH  aqueous  concentrations  and  uptake  by  semi-permeable 
membrane  devices  and  quiescent  flux  of  PCBs  to  overlying  water.  Decreasing  activated  carbon 
particle  size  increased  treatment  effectiveness  in  reducing  PCB  aqueous  concentration,  while 
larger- sized  activated  carbon  (400-1 700- |im)  was  ineffective  with  a  contact  period  of  one 
month.  We  invoke  a  numerical  model  based  on  intraparticle  diffusion  in  sediment  and  activated 
carbon  particles  to  help  interpret  our  experimental  results.  This  model  was  useful  in  explaining 
the  trends  for  the  effect  of  activated  carbon  dose  and  particle  size  on  PCB  aqueous 
concentrations  in  well-mixed  systems. 
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6.  RESPONSE  TO  ACTION  ITEM: 


“In  the  Final  Report,  please  include  discussions  of  whether  an  order  of  magnitude  in 
bio  availability  reduction  has  the  potential  to  affect  risk  assessment  efforts  at  field  sites  (e.g., 
Hunters  Point),  initicd  thoughts  on  means  to  determine  when  sufficient  carbon  has  been  added, 
and  economics  of  using  activated  carbon  as  opposed  to  coke  or  charcoal.  ” 

Effect  on  site  risk  assessment:  The  PCB  concentration  contour  map  of  Hunters  Point  South 
Basin  prepared  by  Battelle  is  reproduced  in  Figure  3.  A  final  sediment  quality  criteria  for  the 
protection  of  benthic  organisms  and  water  quality  has  not  been  established  for  this  site.  For  the 
purpose  of  illustration,  we  use  the  effects  range-median  (ER-M)  value  of  180  ppb  for  total  PCBs 
from  the  Draft  Validation  Study  Report  for  Hunters  Point.  The  footprint  shown  in  green  and 
light  yellow  (200  -  1000  ppb),  is  a  relatively  low  PCB  concentration  area  occupying  a  large 
portion  of  the  South  Basin.  Application  of  activated  carbon  to  this  concentration  range  footprint 
for  example  (with  a  overall  PCB  bioavailability  and  aqueous  availability  reduction  by  a  factor  of 
5)  will  result  in  lowering  the  PCB  risk  for  this  entire  area  to  that  of  untreated  sediments  with  a 
total  PCB  concentration  of  less  than  200  ppb.  Thus,  for  risk  calculations  based  on  exposure 
through  the  water  pathway  or  through  feeding  on  benthic  organisms,  this  200  -  1000  ppb 
sediment  footprint,  after  amending  with  carbon,  could  be  considered  similar  to  untreated 
sediments  that  have  a  PCB  concentration  of  200  ppb  or  less.  New  initiatives  by  the  EPA  on 
incorporating  site- specific  bioavailability  factors  in  sediment  restoration  decisions  makes  such 
innovative,  in  situ  technologies  aimed  at  reducing  the  biological  availability  of  contaminants  in 
sediments  especially  attractive. 


Figure  3.  PCB  contour  map  of  Hunters  Point  South  Basin,  prepared  by  Battelle. 
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Means  to  determine  when  sufficient  carbon  has  been  added:  The  required  dose  of  carbon  for  any 
potential  sediment  site  will  have  to  be  assessed  through  a  bench-scale  treatability  study.  Based 
on  our  work  comparing  the  effects  of  carbon  addition  on  three  physicochemical  tests  and  three 
benthic  organism  bioaccumulation  tests,  we  think  a  quick  assessment  of  PCB  bioavailability 
reduction  is  possible  through  the  physicochemical  tests.  We  suggest  using  the  aqueous 
equilibrium  or  SPMD  measurement  for  a  relatively  inexpensive  test  to  monitor  changes  in  PCB 
bioavailability  reduction.  Bioaccumulation  tests  with  native  organisms  will  provide  the  most 
robust  measurement  of  bioavailability  reduction,  but  these  tests  are  expensive.  We  also  think, 
that  a  workable  carbon  dose  for  most  sediments  could  be  in  the  range  of  0.5x  -  2x  the  total 
organic  carbon  present  in  the  sediments. 

Economics  of  coke  or  charcoal:  Our  results  with  Hunters  Point  sediment  showed  no  change  in 
PCB  bioaccumulation  in  benthic  organisms  with  even  as  high  as  8.5%  by  weight  of  coke.  We 
therefore  think  that  coke  may  not  have  the  necessary  sorption  capacity  to  bring  about  a 
observable  bioavailability  reduction  especially  in  the  presence  of  a  multitude  of  other  organic 
compounds  in  natural  sediments.  Charcoal  may  work  better  than  coke,  but  being  very  light,  and 
having  a  tendency  to  float  in  water,  may  cause  major  resuspension  problems.  Thus,  we  have 
ruled  out  the  use  of  coke  or  charcoal  for  sediment  amendment  for  bioavailability  reduction. 

7.  TRANSITION  TO  THE  FIELD 

Work  in  the  last  six  months  of  the  project  has  involved  identification  of  field  equipment  capable 
of  adding  carbon  to  sediments  and  achieving  good  mixing  of  the  carbon  into  the  sediments. 
Several  technologies  have  been  identified  and  are  presented  in  Appendix  VII.  We  have  also 
discussed  with  contractors  the  feasibility  of  performing  carbon  application  in  the  field.  Several 
of  the  contractors  have  expressed  their  readiness  to  test  equipment  in  the  field  through  a  pilot- 
scale  project.  We  are  presenting  a  field  demonstration  project  proposal  to  ESTCP  for  the  2005 
fiscal  year  competition  to  transition  this  technology  to  the  field.  The  principal  focus  of  the 
proposed  ESTCP  project  is  to  demonstrate  whether  the  beneficial  results  found  in  the  laboratory 
are  observed  in  the  field.  The  proposed  project  involves  application  of  granular  activated  carbon 
sorbent  to  contaminated  sediment  in  marked  plots  using  three  different  technologies  by  vendors 
followed  by  periodic  sampling  to  assess  the  efficacy  of  the  stabilization  process  in  terms  of 
reducing  exposure  to  biota  and  to  the  aqueous  phase.  Additional  work  will  evaluate  particle 
movement  and  the  maintenance  of  the  integrity  of  the  applied  sorbent  in  the  sediment.  The  field 
tests  are  proposed  within  the  tidal  flat  region  of  South  Basin,  in  the  north/northwest  portion  of 
the  cove  away  from  possible  impacts  of  any  potential  on-going  PCB  releases  on  the  southeast 
side  of  the  cove.  The  field  work  will  emphasize  PCBs  because  these  are  the  principal  organic 
contaminants  of  concern  at  this  site. 

We  have  discussed  our  technology  application  in  the  field  with  regulators  from  the  SF  Bay 
Regional  Water  Quality  Control  Board,  and  EPA  region  9.  The  response  has  been  very  positive 
with  interest  in  seeing  a  field  demonstration  of  bioavailability  reduction.  We  also  have  strong 
support  for  technology  demonstration  from  the  Navy  projects  managers  for  Hunters  Point.  We 
are  working  with  the  Southwest  Division  Naval  Facilities  Engineering  Command,  San  Diego, 
and  their  on-site  contractor,  Battelle,  to  design  a  preliminary  test  of  a  mixing  technology  to 
incorporate  GAC  into  Hunters  Point  sediment. 
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Technical  Approach  and  Methodologies.  There  are  three  goals  of  our  proposed  preliminary 
field  test. 

Goal  1)  Perform  a  trial  run  of  GAC  application  using  a  contractor’s  large-scale  mixing  device 

and  develop  protocol  for  assessing  how  well  the  GAC  is  mixed  into  the  sediment  in  terms  of 

homogeneity  and  depth.  We  have  identified  a  contractor,  Aquatic  Environments,  Inc.,  with 
equipment  that  can  be  used  to  deploy  and  mix  carbon  into  sediments  in  the  field  scale.  This 
contractor  has  a  barge-like  machine  with  a  rotovator  attachment  that  is  typically  used  to  disrupt 
weed  growth  in  marshy  areas.  In  the  preliminary  field  test,  the  Aquamog,  shown  in  Figure  4, 
will  be  deployed  on  the  water  during  high  tide  and  allowed  to  settle  onto  the  sediment  surface  at 
low  tide.  Two  types  of  GAC  applications  will  then  be  tried.  In  the  first  application,  GAC  will  be 
spread  onto  the  surface  of  the  sediments  via  a  backpack  spreader  (larger  scale  options  exist) 
located  on  the  Aquamog  and  then  the  rotovator  arm  will  mix  the  GAC  into  the  sediments.  The 
depth  of  the  mixing  can  be  controlled  by  the  speed  and  downward  pressure  of  the  rotovator.  In 
the  second  application,  carbon  will  be  applied  in  a  one-step  process  where  GAC  is  sprayed  (via 
a  device  designed  by  Aquatic  Environments,  Inc.)  onto  the  rotovator  as  it  mixes. 

To  develop  a  protocol  that  assesses  the  depth  and  homogeneity  of  the  mixed  GAC  in  the 
sediment,  five  spatially  distributed  one-inch  diameter  sediment  core  samples  in  each  plot  will  be 
taken  before  and  after  GAC  treatment  to  evaluate  the  degree  of  carbon  mixing  with  depth.  For 
well-mixed  sediment  we  expect  an  average  total  organic  carbon  (TOC)  of  5.1  wt.%  (original 
sediment  TOC  =  1.7  wt.%)  with  a  small  standard  deviation  among  samples  within  a  plot.  Since 
the  added  GAC  and  the  organic  carbon  already  in  the  sediment  should  have  different  C 
signatures,  isotopic  analyses  on  the  same  core  cross  sections  will  also  be  performed  to 
corroborate  the  TOC  data. 


Figure  4.  “Aquamog”  with  rotovator  arm. 

Goal  2)  Validate  field  sampling  techniques  that  assess  aqueous  PCB  availability  and  PCB 
bioaccumulation.  These  field  results  will  be  compared  with  those  obtained  from  previous  lab 
experiments. 

a)  PCB  bioaccumulation  in  sediment-dwelling  organisms.  We  will  measure  PCB 
bioaccumulation  using  particle -feeding  Macoma  clams  native  to  San  Francisco  Bay.  These 
benthic  organisms  will  be  placed  in  mesh-covered  containers  sunk  into  the  three  plots  before 
and  after  GAC  treatment. 

b)  Assessment  of  in  situ  stabilization  using  physicochemical  tests  of  PCB  availability.  A 
combination  of  field  and  laboratory  physicochemical  tests  will  evaluate  the  effect  of  GAC 
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addition  on  changes  in  chemical  availability  of  PCBs  in  sediment.  Semi-permeable 
membrane  devices  (SPMDs)  will  be  deployed  in  the  sediment  before  and  after  GAC 
treatment  to  evaluate  the  in  situ  availability  of  PCBs  to  biota.  A  portion  of  the  sediment  from 
the  one-inch  core  samples  will  be  brought  to  the  laboratory  and  tested  for  aqueous 
equilibrium  concentration  of  PCBs. 


Goal  3)  Validate  field  sampling  techniques  for  the  collection  of  tidal  water  and  measurement  of 
dissolved  and  particulate  PCBs  before  and  after  carbon  treatment.  A  possible  concern  during 
sediment  treatment  with  GAC  is  the  mobilization  of  sediment -bound  PCBs  due  to  sediment 
mixing  and  resuspension.  The  purpose  of  this  work  is  to  validate  the  use  of  a  field  sampling 
technique  to  monitor  changes  in  water  column  PCB  concentrations  during  sediment  remediation 
using  GAC. 
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8.  COST  ESTIMATE  OF  PROPOSED  TECHNOLOGY 

Many  DoD  facilities  across  the  country  are  challenged  with  management  of  sediments 
contaminated  with  persistent  organic  contaminants  such  as  PCBs,  PAHs,  and  DDT.  This  work 
addresses  the  DoD  need  for  cost  effective,  in-situ  remediation  technologies  for  persistent  organic 
contaminants  in  sediments.  The  development  of  this  technology  for  contaminated  sediment 
management  offers  the  potential  to  significantly  reduce  expenditures  on  environmental 
restoration,  as  well  as  gain  acceptance  by  regulators  and  communities  since  it  does  not  involve 
dredging  and  habitat  destruction.  The  technology  may  be  more  acceptable  to  regulators  and 
other  stakeholders  than  processes  that  rely  on  removal  and  disposal  or  ex-situ  treatment  such  as 
incineration. 

A  study  by  Battelle  showed  that  a  mid-range  PCB  concentration  footprint  (0.25  -1.0  mg/kg)  in 
the  South  Basin  may  cover  an  area  of  about  90,000  m“  (Figure  10-14,  Hunters  Point  Validation 
Study  by  Battelle).  The  highest  concentration  of  PCBs  in  this  region  was  found  at  0-4  ft  depth. 

A  final  sediment  quality  criteria  for  the  protection  of  benthic  organisms  and  water  quality  has  not 
been  established  for  this  site.  For  the  purpose  of  cost  comparisons,  if  we  assume  that  the 
remediation  goal  for  PCBs  is  200  ppb  in  the  sediment,  this  mid-range  PCB  footprint  area  (200  - 
1000  ppb)  to  a  depth  of  4  ft  may  need  to  be  removed  from  the  site  and  disposed  in  a  landfill.  The 
cost  of  such  a  removal  action  may  be  in  the  range  of  several  tens  of  millions  of  dollars  (assuming 
dredging  and  disposal  cost  of  $250/m3,  a  total  area  of  90,000  m2,  and  a  contaminated  sediment 
depth  of  4  ft).  We  expect  that  after  in-situ  treatment  with  carbon,  the  human  health  and 
ecological  impact  of  the  mid-range  footprint  area  in  South  Basin  will  be  reduced  to  that  of 
sediment  PCB  concentration  below  200  ppb.  Table  1  shows  cost  calculations  based  on  the 
assumption  that  our  selected  sediment  mixing  equipment  will  cost  about  the  same  as  an  auger 
dredge  commonly  used  for  contaminated  sediment  remediation.  These  equipment  costs  are 
obtained  from  estimates  presented  in  the  Lower  Fox  River  Feasibility  Study  report 
(http://www.dnr.state.wi.us/org/water/wm/lowerfox/rifs/).  The  cost  of  in-situ  remediation  with 
carbon  is  estimated  to  be  $  3.9  million  using  fresh  GAC,  and  $2.7  million  using  regenerated 
carbon.  Thus,  significant  cost  savings  are  expected  using  the  proposed  in-situ  treatment 
compared  to  traditional  dredging  and  disposal  of  sediments.  The  actual  costs  of  deploying  the 
GAC  in  mudflat  areas,  labor  costs,  equipment  costs,  monitoring  etc.,  will  have  to  be  confirmed 
through  a  pilot  demonstration  project. 
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Table  1.  Cost  estimate  for  GAC  addition  to  sediments  in  Hunters  Point  South  Basin  area. 


SEDIMENT  HANDLING  COSTS 

Capital  costs 

Site  Preparation  $20,000 

Mobilization  -  Equipment  and  silt  curtain  $285,000 

Cost  of  fresh  carbon  (at  $2. 5/kg)  $2,057,400 

Carbon  application  and  mixing  $262,920 

(approximation  using  typical  cost  for  auger  dredging;  no  disposal  cost) 

Water  quality  monitoring  during  operations  $50,000 

Site  restoration  $5,000 

Direct  Capital  $2,680,320 

Engineering,  Procurement  &  Construction  Management  (12%  of  direct  capital)  $321,638 

Contractor  Overhead/Profit  (15%)  $402,048 

Total  capital  cost  $3,404,006 


INSTITUTIONAL  CONTROLS 

Capital  Items: 

Public  Education  Program 
O&M  Plans 
Deed  Restrictions 

Engineering,  Procurement  and  Construction  Management  (12%  of  direct  capital) 
Present  worth  of  Longer  Term  Operating  Costs  (assuming  interest  rate  of  8%) 


Long  Term  Monitoring  (40  years  at  $10k/year)  119246 

Public  Education  Program  (40  years  at  $15k/year)  178869 

Maintaining  O&M  Plans  (40  years  at  $400/year)  4770 

Reporting  (40  years  at  $1  Ok/year)  1 1 9246 

TOTAL  COST  (using  fresh  GAC)  $3,896,137 

TOTAL  COST  (using  regenerated  GAC)  $2,661,697 


$50,000 

$10,000 

$2,500 

$7,500 


Material  Handling  And  Cost  Assumptions: 

Sediment  area  to  be  treated  in  square  meters  90,000 

Volume  of  sediment  to  be  treated  in  cubic  meters  (top  1  foot)  27,432 

Weight  of  dry  sediment  in  kgfassuming  density  of  sediment  =  1500kg/cum)  41 ,148,000 

Weight  of  carbon  needed  in  kg  (2%  of  sediment  dry  weight)  822,960 

Cost  of  carbon  (assuming  $2. 5/kg  for  fresh  GAC)  2057400 

Cost  of  carbon  (assuming  $  1 . 0/kg  for  regenerated  carbon)  822960 


Sediment  handling  costs  are  based  on  costs  reported  for  sediment  dredging  using  a  horizontal  auger  dredge  (Basis  for 
Preliminary  Cost  Estimates:  Sediment  Remediation,  Fox  River,  Wisconsin,  Little  Lake  Butte  Des  Mods,  Wisconsin  DNR). 
The  cost  of  mobilizing  and  operating  a  horizontal  auger  dredge  is  assumed  to  be  similar  to  a  sediment  mixing  equipment  we 
may  use  for  carbon  mixing.  Mobilization  cost  was  kept  the  same.  All  other  operational  costs  including  site  preparation, 
sediment  mixing,  water  quality  monitoring,  and  site  restoration  was  assumed  to  be  one  tenth  of  the  costs  estimated  at  the 
Fox  River  site  which  had  a  1 3  times  larger  volume  of  sediments  to  be  treated  compared  to  the  sediment  volume  that  will  be 
handled  at  Flunters  Point.  The  cost  of  institutional  controls  is  assumed  to  be  half  that  of  the  Fox  River  estimate. 


16 


9.  RELEVANT  PUBLICATIONS 


1.  Microprobe  Laser  Mass  Spectrometry  Studies  of  Polycyclic  Aromatic  Hydrocarbon 
Distributions  on  Harbor  Sediments  and  Coals,  J.  S.  Gillette,  U.  Ghosh,  T.  B.  Mahjan,  R.  N. 
Zare,  and  R.  G.  Luthy,  Israel  Journal  of  Chemistry  41:  105-110.  2001. 

2.  Microscale  Detection  of  Polychlorinated  Biphenyls  Using  Two-step  Laser  Mass 
Spectrometry,  Tania  B.  Mahajan,  Upal  Ghosh,  Richard  N.  Zare,  and  Richard  G.  Luthy, 
International  Journal  of  Mass  Spectrometry,  R.  Graham  Cooks  Memorial  Issue  212:  27-34. 
2001. 

3.  Particle- scale  Investigation  of  PAH  Desorption  Kinetics  and  Thermodynamics  from 
Sediments.  U.  Ghosh,  J.W.  Talley,  R.G.  Luthy,  Environmental  Science  and  Technology  35: 
3468-3475.  2001. 

4.  PCB  and  PAH  Speciation  among  Particle  Types  in  Contaminated  Sediments  and  Effects  on 
PAH  Bioavailability.  U.  Ghosh,  J.  Zimmerman,  R.G.  Luthy.  Environmental  Science  and 
Technology  37:  2209-2217.  2003. 

5.  Addition  of  carbon  sorbents  to  reduce  PCB  and  PAH  bioavailability  in  marine  sediments. 
Physicochemical  tests.  J.R.  Zimmerman,  U.  Ghosh,  R.G.  Luthy,  R.N.  Millward,  T.S. 

Bridges.  Environmental  Science  and  Technology  38:  5458-5464.  2004. 

6.  Addition  of  Activated  Carbon  to  Sediments  to  Reduce  PCB  Bioaccumulation  by  a  Polychaete 
(Neanthes  arenaceodentata)  and  an  Amphipod  (Leptocheirus  plumulusos).  R.N.  Millward, 
T.S.  Bridges,  U.  Ghosh,  R.G.  Luthy,  J.R.  Zimmerman.  Environmental  Science  and 
Technology.  39:  2880-2887.  2005. 

7.  Model  Verification  of  Thermal  Programmed  Desorption-Mass  Spectrometry  for  Estimation 
of  Release  Energy  Values  for  PAHs  on  Mineral  Sorbents.  Sara  I.  Nicholl,  Jeffrey  W.  Talley, 
Stephan  Silliman.  Environmental  Toxicology  and  Chemistry  23:  2545-2550.  2004. 


17 


10.  RELEVANT  PRESENTATIONS 

1.  Microscale  Investigation  of  Location  and  Association  of  Organic  Pollutants  in  Soils  and 
Sediments.  U.  Ghosh.  R.G.  Luthy,  Infrared  Spectromicroscopy  Workshop,  Advanced  Light 
Source,  Lawrence  Berkeley  National  Laboratory,  Oct  15-17,  2001. 

2.  In  Situ  Stabilization  of  Persistent  Organic  Contaminants  in  Marine  Sediments.  Dr.  Millward, 
Ecotoxicology  and  Ecological  Risk  Team  (ERDC-WES,  Vicksburg,  MS)  on  November  27, 
200 1 .  C  onference  paper. 

3.  In-Situ  Stabilization  of  PCBs  and  PAHs:  Lessons  from  Natural  Processes  and  New  Ideas  for 
Remediation.  U.  Ghosh,  et  al.  Navy’s  Risk  Assessment  Workgroup  Meeting,  USEPA 
Region  9,  San  Francisco,  Dec  4,  2001. 

4.  Sequestration  of  PCBs  and  PAHs  in  Sediments:  Lessons  from  Natural  Processes  and  New 
Ideas  for  Restoration.  U.  Ghosh,  et  al.,  Electric  Power  Research  Institute  Advisors  Meeting, 
March  13,  2002,  San  Francisco,  CA. 

5.  Contaminant  Exposure  Control  in  Sediments  Using  Activated  Carbon  Adsorbent.  Richard  G. 
Luthy,  John  R.  Zimmerman,  Pamela  McLeod,  Upal  Ghosh,  Rod  N.  Millward,  Todd  S. 
Bridges.  Paper  presented  at  NIEHS  Superfund  Basic  Research  Program,  Conference  on 
Bioremediation  and  Biodegradation,  Asilomar  Conference  Center,  Pacific  Grove,  CA,  June 
9-12,  2002. 

6.  PCB  Contaminant  Distribution  Among  Sediment  Particles  and  Implications  for 
Bioavailability  Control  and  In  Situ  Stabilization.  Luthy,  R.  G.,  Invited  Seminar,  University 
of  Notre  Dame,  South  Bend,  IN,  October  4,  2002 

7.  Bioavailability  Control  and  In-situ  Stabilization  of  Contaminated  Sediments  using  Carbon 
Sorbents.  U.  Ghosh,  et  al.  Remediation  Technology  Development  Forum,  Sediments 
Remediation  Action  Team  Meeting,  Seattle,  WA,  October  29-30,  2002. 

8.  PCB  Bioaccumulation  from  Marine  Sediments  Following  In  situ  Application  of  Coal- 
Derived  Particles.  Dr.  Millward  Society  of  Environmental  Toxicology  and  Chemistry 
(SET AC)  meeting  in  Salt  Lake  City,  UT  on  November  19,  2002.  Conference  paper. 

9.  Effects  of  Carbon  Substrate  on  the  Bioavailability  of  Organic  Contaminants.  McLeod,  PB, 
van  den  Heuvel-Greve,  M,  Allen- King,  RM,  Luoma,  SN,  Luthy,  RG,  Stanford,  SETAC 
meeting  in  Salt  Lake  City,  UT  on  November  19,  2002.  Conference  paper. 

10.  Particles  in  Sediments:  What  Can  We  Learn  about  Bioavailability  and  In  Situ  Stabilization? 
Luthy,  R.  G.,  US/Italy  Workshop  on  Sediment  Management  Research,  National  Science 
Foundation,  Washington,  DC,  December  9-10,  2002.  Invited  presentation  and  conference 
chair. 

11.  Bioavailability  of  Contaminants  in  Soil  and  Sediment.  Luthy,  R.  G.,  Tri-Service  Ecological 
Assessment  Work  Group,  SPAWAR  System  Center,  San  Diego  January  28,  2003 

12.  Microscale  Association  of  Organic  Contaminants  to  Sediment  Particles  and  Implications  for 
Risk  Management.  U.  Ghosh.  Seminar  at  the  Department  of  Geography  and  Environmental 
Engineering,  Johns  Hopkins  University.  February  25,  2003. 


18 


13.  Bioavailability  of  Contaminants  in  Soils  and  Sediments:  Processes,  Tools,  and  Applications, 
Luthy,  R.  G.,  Department  of  Toxic  Substances  Control,  California  EPA,  April,  4,  2003, 
Berkeley,  CA 

14.  Organic  Sequestration  and  Bioavailability  Control.  R.G.  Luthy,  U.  Ghosh,  J.  R.  Zimmerman, 
P.  McLeod,  R.  Millward,  T.  Bridges.  Plenary  presentation,  USACE  Workshop  on 
Environmental  Stability  of  Chemicals  in  Sediments,  April  8-10,  2003,  San  Diego,  CA 

15.  In  Situ  Stabilization  of  Persistent  Organic  Compounds  in  Marine  Sediments.  Luthy,  R.  G.,  U. 
Ghosh,  J.  R.  Zimmerman,  P.  McLeod,  T.S.  Bridges,  R.  Millward.  Hunters  Point  Shipyard 
Parcel  F  Strategy  Meeting,  Battelle,  Navy  Sediment  Work  Group,  April  30-May  1,  2003, 
Boston,  MA. 

16.  In-situ  Stabilization  of  Persistent  Organic  Contaminants  in  Sediments.  U.  Ghosh,  R.G.  Luthy, 
J.R.  Zimmerman,  M.  Heuvel-Greve,  P.  Mcleod,  R.  Millward,  T.S.  Brides.  A  Workshop  on 
In-Situ  Contaminated  Sediment  Capping,  EPRI,  May  12-14,  2003.  Cincinnati,  OH. 

17.  In  Situ  Stabilization  of  Persistent  Organic  Compounds  in  Marine  Sediments.  Luthy,  R.  G.,  U. 
Ghosh,  J.  R.  Zimmerman,  P.  McLeod,  T.S.  Bridges,  R.  Millward,  Navy /University  of 
California  Berkeley  Sediment  Meeting,  Battelle,  May  14,  2003,  San  Francisco,  CA. 

18.  Organic  Sequestration  and  Bioavailability  Control.  Luthy,  R.  G.,  U.  Ghosh,  J.  R. 
Zimmerman,  P.  McLeod,  R.  Millward,  T.  Bridges.  Invited  presentation.  US  EPA  Region  9 
and  San  Francisco  Bay  Regional  Water  Quality  Control  Board,  Biological  Technical 
Assistance  Group,  May  21,  2003,  Oakland,  CA. 

19.  Organic  Contaminants  in  the  Environment:  Challenges  for  the  Water/Engineering 
Community.  Luthy,  R.  G.,  Invited  Presentation,  Water  and  Sustainable  Development: 
Opportunities  for  the  Chemical  Sciences,  Chemical  Sciences  Roundtable,  National  Research 
Council,  Irvine,  CA,  June  2,  2003 

20.  In  Situ  Stabilization  of  Persistent  Organic  Contaminants  in  Sediments.  U.  Ghosh,  J.  R. 
Zimmerman,  P.  McLeod,  R.  G.  Luthy,  R.  Millward,  T.  Bridges.  Invited  paper.  International 
Association  for  Great  Lakes  Research,  IAGLR/ILEC  2003  Session  on  Advances  in 
Assessment  and  Remediation  of  Contaminated  Sediments,  Chicago,  June  23,  2003. 

21.  In-situ  Stabilization  of  Persistent  Organic  Contaminants  in  Sediments.  U.  Ghosh,  R.G. 

Luthy,  J.R.  Zimmerman,  M.  Heuvel-Greve,  P.  Mcleod,  R.  Millward,  T.S.  Bridges.  Invited 
paper.  In  Situ  and  On-Site  Bioremediation,  The  Seventh  International  Symposium,  Orlando, 
FL.  June  2-5,  2003. 

22.  PCB  Bioavailability  Reduction  in  Sediments  Using  Activated  Carbon:  A  New  Remediation 
Tool.  U.  Ghosh.  Invited  seminar,  Chesapeake  Biological  Laboratory,  Solomons,  MD,  Oct  2, 
2003. 

23.  Contaminant-Sediment  Interactions  at  the  Particle-Scale:  Implications  for  Risk  Assessment 
and  Remediation.  U.  Ghosh,  Invited  speaker.  SERDP  Annual  Symposium:  Partners  in 
Environmental  Technology  Technical  Symposium  and  Workshop,  Dec  2,  2003. 

24.  PAH  Distribution  Among  Organic  Matter  Types  in  Contaminated  Sediments  and  Effects  on 
Bioavailability,  U.  Ghosh,  J.R.  Zimmerman,  L.  Hong,  and  R.G.  Luthy.  Invited  presentation. 
Natural  Gas  Technologies  II  Conference,  Phoenix,  AZ,  Feb  8-11,  2004. 


19 


25.  In  Situ  Bioavailability  Reduction  of  PCBs  in  Sediments:  From  Bench-scale  to  Field 
Demonstration.  U.  Ghosh.  R.G.  Luthy,  J.R.  Zimmerman,  M.  Heuvel-Greve,  P.  Mcleod,  R. 
Millward,  T.S.  Bridges.  Remediation  Technology  Development  Forum,  Sediment 
Remediation  Action  Team  Meeting,  Baltimore,  MD,  February  18-19,  2004. 

26.  In  Situ  Stabilization  of  Persistent  Organic  Contaminants  in  Sediments  Using  Activated 
Carbon.  U.  Ghosh,  R.G.  Luthy,  J.R.  Zimmerman,  P.  Mcleod,  R.  Millward,  T.S.  Bridges. 
Invited  presentation.  Technology  Benchmarking  Workshop  for  Sediment  and  Floodplain 
Remediation.  University  of  Michigan,  Ann  Arbor,  MI,  March  25-26,  2004. 

27.  Microscale  association  of  organic  contaminants  to  sediment  particles  and  implications  for 
environmental  risk  management.  U.  Ghosh,  Invited  seminar,  Civil  and  Environmental 
Engineering  Department,  Lehigh  University.  April  9,  2004. 

28.  Microscale  association  of  organic  contaminants  to  sediment  particles  and  implications  for 
environmental  risk  management.  U.  Ghosh,  Invited  seminar,  Chemistry  and  Biochemistry 
Department,  University  of  Maryland  College  Park.  April  16,  2004. 


11.  KEY  PROJECT  STAFF 

Richard  G.  Luthy  (PI),  John  R.  Zimmerman,  Pamela  B.  McLeod,  Department  of  Civil  and 
Environmental  Engineering,  Stanford  University,  Stanford,  CA. 

Richard  N.  Zare  (Co-PI),  Stanford  University,  Department  of  Chemistry,  Stanford,  CA  94305 

Upal  Ghosh  (Co-PI),  Nii  Tagoe,  Department  of  Civil  and  Environmental  Engineering,  University 
of  Maryland  Baltimore  County,  Baltimore,  MD  21250 

Todd  S.  Bridges  (Co-PI),  Rod  N.  Millward,  USACE  WES,  Environmental  Laboratory,  Engineer 
Research  and  Development  Center  Vicksburg,  MS. 

Jeffrey  W.  Talley  (Co-PI),  Department  of  Civil  Engineering  and  Geological  Sciences, 

University  of  Notre  Dame,  Notre  Dame,  IN. 


20 


Appendix  I. 


Published  paper: 

PCB  and  PAH  Speciation  Among  Particle  Types  in  Contaminated 
Harbor  Sediments  and  Effects  on  PAH  Bioavailability 

by 

Upal  Ghosh,  John  R.  Zimmerman,  Richard  G.  Luthy 
Environmental  Science  and  Technology  37:  3625-3634,  2003 


Appendix  II. 


Microscale  Detection  of  Polychlorinated  Biphenyls  Using  Two- 

Step  Laser  Mass  Spectrometry 


by 

Tania  B.  Mahajan1,  Upal  Ghosh2,  Richard  N.  Zare1,  and  Richard  G. 

Luthy2 


Appendix  III. 


Published  paper 


Addition  of  carbon  sorbents  to  reduce  PCB  and  PAH  bioavailability 
in  marine  sediments.  Physicochemical  Tests. 


by 


John  R.  Zimmerman1,  Upal  Ghosh2,  Richard  G.  Luthy1,  Todd  S. 
Bridges3,  and  Rod  N.  Millward3. 


Environmental  Science  and  Technology  38:  5458-5464,  2004 


Appendix  IV 


Paper  in  review 


Addition  of  Activated  Carbon  to  Sediments  to  Reduce  PCB 
Bioaccumulation  by  a  Polychaete  (Neanthes  arenaceodentata) 
and  an  Amphipod  (Leptocheirus  plumulusos). 


by 

R.N.  Millward,  T.S.  Bridges,  U.  Ghosh,  R.G.  Luthy,  J.R. 

Zimmerman, 


Environmental  Science  &  Technology,  39:  2880-2887,  2005. 


Appendix  V. 


Contaminant  Exposure  Control  in  Sediments  Using  Activated 

Carbon  Adsorbent 


By 

Richard  G.  Luthy,  John  R.  Zimmerman,  Pamela  McLeod,  Upal  Ghosh, 

Rod  N.  Millward,  Todd  S.  Bridges. 


Appendix  VI. 


Model  Verification  of  Thermal  Programmed  Desorption-Mass 
Spectrometry  for  Estimation  of  Release  Energy  Values  for 
PAHs  on  Mineral  Sorbents. 


Sara  I.  Nicholl,  Jeffrey  W.  Talley,  Stephan  Silliman. 


Appendix  VII. 


The  Effects  of  Dose  and  Particle  Size  on  Activated  Carbon 
Treatment  to  Sequester  PCBs  and  PAHs  in  Marine  Sediments. 

J.R.  Zimmerman,  D.  Werner,  U.  Ghosh,  R.N.  Millward,  T.S. 

Bridges,  R.G.  Luthy. 


Appendix  VIII. 


Report 


An  overview  of  field  mixing  technologies. 


Upal  Ghosh,  Dennis  Smithenry,  Richard  G.  Luthy 


Appendix  IX. 


Unpublished  results 

a)  PCB  desorption  kinetics  from  Hunters  Point  sediments; 

b)  Kinetics  of  PCB  adsorption  into  carbon 

c)  Demonstration  of  PCB  mass  transfer  from  sediment  to 

carbon 


Appendix  I. 


Published  paper: 

PCB  and  PAH  Speciation  Among  Particle  Types  in  Contaminated 
Harbor  Sediments  and  Effects  on  PAH  Bioavailability 

by 

Upal  Ghosh,  John  R.  Zimmerman,  Richard  G.  Luthy 
Environmental  Science  and  Technology  37:  3625-3634,  2003 


Environ.  Sci.  Technot.  2003,  37,  2209-2217 


PCB  and  PAH  Speciation  among 
Particle  Types  in  Contaminated 
Harbor  Sediments  and  Effects  on 
PAH  Bioavailability 

UPAL  GHOSH,* 

JOHN  R.  ZIMMERMAN,  AND 
RICHARD  G.  LUTHY 
Department  of  Civil  and  Environmental  Engineering, 
Stanford  University,  Stanford,  California  94305-4020 


This  research  provides  particle-scale  understanding  of 
PCB  and  PAH  distribution  in  sediments  obtained  from  three 
urban  locations  in  the  United  States:  Hunters  Point,  CA; 

M  ilwaukee  Harbor,  W I;  and  Harbor  Point,  NY.  The  sediments 
comprised  mineral  grains  (primarily  sand,  silt,  and  clays) 
and  carbonaceous  particles  (primarily  coal,  coke,  charcoal, 
pitch,  cenospheres,  and  wood).  The  carbonaceous 
sediment  fractions  were  separated  from  the  mineral 
fractions  based  on  their  lower  density  and  were  identified 
by  petrographic  analysis.  In  all  three  sediments,  carbon¬ 
aceous  particles  contributed  5-7%  of  the  total  mass  and  60- 
90%  of  the  PCBs  and  PAHs.The  production  of  carbonaceous 
particles  is  not  known  to  be  associated  with  PCB 
contamination,  and  it  is  very  unlikely  that  these  particles 
can  be  the  source  of  PCBs  in  the  environment.Thus,  itappears 
that  carbonaceous  particles  preferentially  accumulate 
PCBs  acting  as  sorbents  in  the  aqueous  environment  if 
PCBs  are  released  directly  to  the  sediment  or  if  deposited 
as  airborne  soot  particles.  Aerobic  bioslurry  treatment 
resulted  in  negligible  PAH  loss  from  the  carbonaceous  coal- 
derived  material  in  M  ilwaukee  Harbor  sediment  but 
resulted  in  80%  ofthe  PAHs  being  removed  from  carbonaceous 
particles  in  Harbor  Point  sediment.  M  ic  rose  ale  PAH 
extraction  and  analysis  revealed  that  PAHs  in  Harbor 
Point  sediment  were  associated  mainly  with  coal  tar  pitch 
residue.  PAHs  present  in  semisolid  coal  tar  pitch  are 
more  bioavailable  than  PAHs  sorbed  on  carbonaceous 
particles  such  as  coal,  coke,  charcoal,  and  cenosphere. 
Results  of  this  study  illustrate  the  importance  of  understanding 
particle-scale  association  of  hydrophobic  organic 
contaminants  for  explaining  bioavailability  differences 
among  sediments. 


Introduction 

The  management  of  sediments  and  the  control  of  sediment 
contaminants  are  among  the  most  challenging  and  complex 
problems  faced  by  environmental  engineers  and  scientists. 
Because  of  the  strong  binding  of  hydrophobic  organic 
compounds  (HOCs)  such  as  polycyclic  aromatic  hydrocar¬ 
bons  (PAHs)  and  polychlorinated  biphenyls  (PCBs),  sedi¬ 
ments  serve  as  a  long-term  source  of  the  contaminants  to 
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water  bodies  and  biota,  even  long  after  the  original  source 
of  contamination  has  been  removed.  While  recent  advances 
in  analytical  techniques  make  it  possible  to  quantify  even 
thesmal  lest  amount  of  anthropogenic  contaminants  present 
in  sediment,  ourabilityto  relate  sediment  concentrations  to 
water  quality,  biological  avail  ability,  and  toxicological  effects 
is  hindered  by  inadequate  understanding  ofthe  binding  and 
release  ofthe  contaminants  in  the  sediment.  This  is  due  to 
the  inherent  heterogeneity  of  sediment  material  that  defies 
organ  i  c  geoch  emi  cal  gen  eral  i  zati  on  s  based  onbulksediment 
physicochemical  parameters  such  as  total  organic  carbon 
content,  surface  area,  and  particle  size  distribution. 

PCBs  and  PAHs  sorb  to  the  organic  carbon  fraction  of 
sediment,  and  thus  organic  carbon  fraction  is  taken  as  a 
measure  of  the  sorption  capacity  for  regulatory  purposes. 
This  enables  normalization  of  the  aqueous  equilibrium 
relationship  for  sediments  containing  different  amounts  of 
organic  carbon  (1).  However,  a  major  problem  with  this 
approach  is  that  organic  carbon  in  sediment  comes  in 
different  forms  that  may  have  very  different  sorption  capaci¬ 
ties  for  HOCs.  For  example,  in  addition  to  natural  materials 
such  as  vegetative  debris,  decayed  remains  of  plants  and 
animals,  and  humic  matter,  sediment  organic  carbon  also 
comprises  particles  such  as  coal,  coke,  charcoal,  and  soot 
that  are  known  to  have  extremely  high  sorption  capacities 
(2-6).  Figure  1  shows  a  comparison  of  reported  organic 
carbon-normalized  phenanthrenepartition  coefficients(/Coc) 
for  different  sorbents  (5,  7-12).  The  Koc  values  for  different 
organic  carbon  forms  span  several  orders  of  magnitude.  On 
the  basis  ofthe  partition  coefficients  presented  in  Figure  1, 
it  iscl  ear  that  HOCsassociated  with  soot-  or  coal -type  carbon 
may  be  orders  of  magnitude  less  available  in  the  aqueous 
phase  than  HOCsassociated  with  natural  organic  matter  in 
soilsand  sediment.  Thus,  HOCs  that  end  up  in  thesediment 
as  contaminants  may  be  of  more  or  less  concern  depending 
on  how  weakly  or  strongly  they  are  sorbed  to  the  sediment 
organic  matter. 

Past  work  i  ndi  cates  the  possi  ble  i  mportanceof  soot  carbon 
insorptionp  rocesses  i  n  sed  i  m  en  t  (2, 6, 13, 14) .  T  h  ese  stu  d  i  es 
measured  soot  carbon  in  sediment  using  partial  thermal 
oxidation  to  remove  non-soot  organic  carbon  followed  by 
treatment  with  acid  to  removeinorganic  carbon  and  analysis 
ofthe  remaining  carbon.  The  soot  carbon  material  isolated 
by  partial  thermal  oxidation  does  not  retain  sorbed  chemicals 
forfurtheranalysis.  However,  Gustafsson  etal .  (2)  and  Bucheli 
and  Gustafsson  (13)  showed  that  elevated  PAH  partitioning 
in  sediment  samples  could  be  explained  on  thebasisofthe 
soot  carbon  contentand  known  high  PAH  sorption  capacity 
of  soot.  They  concluded  that  sorption  of  PAHs  on  a  soot- 
phasecarbon  in  sediments  may  impact  in  situ  bioavailability 
of  PAHs.  Accardi-Dey  and  Gschwend  (6)  performed  PAH 
sorption  studies  with  the  isolated  soot  carbon  and  demon¬ 
strated  that  a  modified,  soot-partitioning  inclusive,  distribu¬ 
tion  model  can  better  predict theobserved  PAH  partitioning 
from  sediment.  Karapanagioti  etal.  (5)  showed  that  sediments 
containing  coaly  particulates  exhibited  high  Koc  values  and 
nonlinear  isotherms  for  phenanthrene  sorption.  Recently 
Salloum  etal.  (12)  studied  thesorption  of  phenanthrene  on 
several  aliphatic  natural  organic  matter types(algae,  cellulose, 
collagen,  cuticle,  lignin,  kerogen,  and  humic  acid)  and 
concluded  that  aliphatic  organic  matter  domains  in  soilsand 
sediment  may  also  play  a  significant  role  in  the  sorption  of 
HOCs.  However,  none  of  these  studies  directly  measured 
the  levels  of  PAHs  on  natural  organic  matter  particles,  soot, 
or  coal  particles  in  field  sediment,  and  as  such,  the  conclu¬ 
sions  are  based  on  inference  from  equilibrium  partitioning 
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FIGURE  1.  Organic  carbon-normalized  partition  coefficient  for 
phenanthrene  for  different  types  of  organic  carbon.  Data  sources: 
activated  carbon  (7);  soot  carbon  (8);  particulate  coal,  particulate 
charcoal,  and  amorphous  organic  matter  (5);  heavy  fuel  oil  (9);  several 
soils  and  sediments  showing  average  and  range  (10,  11);  Pula 
kerogen,  collagen,  humic  acid,  degraded  algae,  Green  River  kerogen, 
oxidized  humic  acid,  cuticle,  algae,  lignin,  and  cellulose  (12);  coal 
tar  (23). 

and  not  on  direct  evidence  of  PAH  association.  Thus,  from 
these  studies  it  is  not  clear  whether  natural  organic  matter 
or  black  carbon  in  sediments  comprise  the  predominant 
repository  of  hydrophobic  contaminants  such  as  PCBs  and 
PAH  s.  I  n  ou  r  earl  i  er  work,  we  demon  strated  thepredominant 
associ  ati  on  of  PAH  s  with  coal  -derived  parti  cles  i  n  M  i  I  waukee 
Harbor  sediments  (4).  We  found  from  direct  analysis  of 
separated  fractionsand  particle- scale  microanalysis  that  the 
majority  of  PAHs  in  the  sediment  was  associated  with  coal- 
derived  particles  and  that  these  PAHs  were  strongly  bound, 
not  easily  desorbable,  unavailable  for  biological  treatment, 
and  unavailable  for  uptake  in  earthworms  (4, 15, 16). 

The  objective  of  this  research  is  to  extend  particle-scale 
understandingof  PCBand  PAH  distributionsin  sedimentby 
comparing  sediments  from  three  different  geographical 
I  ocati  ons  and  to  i  1 1  ustrate  the  effect  of  PAH  associ  ati  on  wi  th 
particle  types  on  bioslurry  treatment.  We  use  three  different 
aged,  harbor  sediment  samples  to  investigate  the  importance 
of  carbonaceous  particles  in  the  sequestration  of  PCBs  and 
PAHs.  The  particulate  organic  carbon  components  in  the 
sediments  were  separated  by  a  density  technique  that 
preserves  thephysical  and  chemical  integrity  of  theparticles. 
Two  of  the  sediments  containing  high  levels  of  PAHs  were 
subjected  to  aerobic  bioslurry  treatment  to  investigate  PAH 
bi oavai labi I ity  to  mi croorgan i sms.  M  i croscal e extracti on  and 
analysiswerecarriedouttoillustratedifferencesin  PAH  levels 
among  carbonaceous  particle  types  in  sediment  and  to 
explain  differences  in  PAH  bioavailability. 

Materials  and  Methods 

Contaminated  sediments  often  occur  near  harbors  and  old 
industrial  establishments.  Therefore,  we  selected  three 
harbor/ industrial  locations  across  the  country  to  study  the 
extant  di  stri  buti  on  of  PC  Bs  and  PAH  s  among  parti  cl  e  cl  asses. 
Three  sediments  used  in  this  study  were  obtained  from  the 
following  locations.  All  sediment  samples  were  stored  at  4 
°C  until  used. 

(i)HuntersPoint,San  FranciscoBay,  CA.  Sedimentsamples 
were  collected  from  the  intertidal  zone  in  South  Basin  near 
the  southern  edge  of  the  Hunters  Point  Naval  Shipyard  in 
January  2001  and  screened  through  a  4mm  screen.  Sampling 
took  place  during  low  tide  along  approximately  150  yards  of 
shoreline  within  the  intertidal  zone.  Historic  shipyard  and 
industrial  activities  in  the  adjacent  region  discharged  PCBs, 


PAHs,  and  heavy  metals  into  thesoil  and  sediment.  Opera¬ 
tions  at  the  site  i  ncluded  a  former  transformer  storage  yard, 
industrial  landfills,  fuel  lines,  a  scrapyard,  and  an  oil 
reclamation  area.  Between  1954  and  1974,  nearly  250  gal  of 
PCBs  was  estimated  to  have  been  released  in  the  scrapyard 
parcel  adjoining  South  Basin  (17).  Other  PCB  releases  may 
have  occurred  as  well.  The  Hunters  Point  South  Basin  Area 
is  designated  as  a  PCB  hotspot  in  San  Francisco  Bay  (18). 

(ii)  Milwaukee  Harbor  Confined  Disposal  Facility  (CDF). 
Sediments  in  the  CDF  originated  from  Milwaukee  Harbor 
duri  ng  dredgi  ng  operations  to  mai  ntai  n  waterway  navigabi  I- 
i  ty .  Th  i  s  44  acre  faci  I  i  ty  i  s  operated  by  th  e  M  i  I  wau  kee  H  arbor 
PortAuthority.  Concerns  have  been  raised  about  thepotential 
for  release  of  contaminants  from  such  CDF  sites  and  about 
cl osurerequi  remen ts,  asdiscussed  by  Bowman  (19).  Samples 
for  this  work  were  collected  in  fall  1996  at  a  depth  of  4  m  in 
the  CDF.  The  sediment  was  sieved  through  a  1/4  in.  screen 
in  the  field. 

(Hi)  Harbor  Point  Sediment,  NY.  This  sediment  sample 
was  collected  in  1999  from  a  freshwater  harbor  site  located 
near  a  former  manufactured  gas  plant  in  Utica,  NY.  The 
sedi  ment  was  col  I  ected  usi  ng  1-2  ft  cores  and  si  eved  through 
3/ 8 i n .  mesh  and  composited  on  site.  High  levelsof  PAHsin 
the  sedi  ment  are  thought  to  have  originated  from  a  historic 
gas  manufacturing  facility  in  the  vicinity. 

Sizeand  Density  Separation.  Wet  si  evi  ng  was  performed 
to  separate  the  sedi  ment  into  four  size  fractions  (<63,  63- 
250, 250- 1000,  an d  >  1000 // m) .  The  I  arger  si  zef racti  on s  ( >  63 
pm)  were  composed  primarily  of  sandy  grains,  carbonaceous 
particles,  and  woody  material.  The  lighter  carbonaceous 
particles  werewashed  off  from  the  heavier  sand  particles  by 
swirlingwith  water  in  a  beaker  and  drainingofftheentrained 
I  i  ghter  parti  cl  es,  gi  vi  ng  two  separate  fracti  ons  that  we  defi  ne 
as  "light"  and  "heavy".  As  a  final  step,  a  saturated  cesium 
chloride  solution  with  a  specific  gravity  of  1.8  was  used  to 
remove  the  remai  n  i  ng  I  i  ghter  den  si  ty  parti  cl  es.  M  ateri  al  s  i  n 
the  fine  fracti  on  (<63/<m)  were  density-separated  usingthe 
cesium  chloride  solution.  Five  grams  of  wet  sediment  and 
40  mL  of  cesi  umchloridesolution  were  mi  xed  and  centri  fuged 
at  200Ck? for  10  m  i  n  i  n  50  m  L  gl  ass  centri  fuge  tu  bes.  Separated 
particles  were  washed  with  water  to  removecesium  chloride 
(4). 

Coal  Petrocp'aphy  Analysis.  Coal  petrographyanalysisof 
sediment  particles  was  performed  according  to  ASTM 
standard  methods  for  coal  analysis:  D2797  (Preparing  Coal 
Samplesfor  Microscopic  Analysis  by  Reflected  Light),  D2798 
(Microscopic  Determination  of  the  Reflectance  of  Vi trinite 
in  a  Polished  Specimen  of  Coal),  and  D2799  (Microscopic 
Determination  of  Volume  Percent  of  Physical  Components 
of  Coal). 

PCB/PAH  Analysis.  Soil  PCBs  and  PAHs  were  extracted 
following  U.S.  EPA  Method  3550B  usi  ng  3  volumes  of  40  mL 
each  of  an  acetone-hexanemixture(l:l)  and  sonicatingthe 
slurry  for  6  min  (pulsing  for  15  son  and  15  s  off).  Pesticide- 
grade  hexane  and  acetone  were  used  for  all  extractions.  EPA 
Method  3630C  was  followed  for  samplecleanup  where  the 
dried  and  concentrated  extracts  are  passed  through  a 
deactivated  si  lica  gel  column  to  removeorganic  interferences 
and  to  separate  the  PCBs  and  PAHs.  PCB  congener-specific 
analysis  was  performed  using  a  modified  EPA  Method  8082. 
An  Agilent  gas  chromatograph  (model  6890)  with  a  fused 
silica  capillary  column  (HP- 5,  60  m  x  0.25  mm  i.d.)  and  an 
electron  capture  detector  was  used  for  analysis.  PCB  stan¬ 
dards  for  calibration  were  purchased  as  hexane  solutions 
from  Ultra  Scientific  (North  Kingstown,  Rl)  and  also  obtained 
from  the  U.S.  EPA's  National  Health  and  Environmental 
Effects  Research  Laboratory  in  Grosse  I  le,  M I .  A  multi-level 
calibration  table  was  prepared  using  a  PCB  mixture  contain¬ 
ing  250/<g/L  of  Aroclor  1232, 180 //g/L  of  Aroclor  1248  and 
180/zg/L  of  Aroclor  1262  yielding  a  total  PCB  concentration 
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of 610/ig/L (20).  Concentrationsof individual  PCB congeners 
in  the  mixture  were  obtained  from  Mullin  (20).  Two  internal 
standardswereused:  2,4,6-trichlorobiphenyl  and 2, Z, 3, 4, 4', 5,6,6'- 
octachlorobiphenyl,  which  are  not  present  in  commercial 
Aroclor  mixtures.  Using  this  protocol,  86  PCB  congeners  or 
congener  groups  could  be  identified  and  quantified.  With 
this  analytical  method,  there  are  some  coeluting  peaks  in 
the  analysi  s.  Where  thi  s  occurs,  coel  uti  ng  peaks  arecal  i  brated 
as  the  sum  of  congeners.  PAH  analysis  was  performed  using 
an  Agilent  gas  chromatograph  (model  6890)  with  a  fused- 
silica  capillary  column  (HP-5,  30  m  x  0.25  mm  i.d.)  and  a 
flame  ionization  detector  based  on  U.S.  EPA  Method  8100 
forPAHs.AstandardU.S.  EPAmixtureof  16 PAH  compounds 
obtained  from  Ultra  Scientific  was  used  for  calibration. 

Microscale  PAH  Extraction  and  Analysis.  T o  i  n  vesti  gate 
differences  in  PAH  abundances  among  particle  types  in 
Harbor  Point  sediment,  a  small  quantity  of  lighter  density 
particles  in  the  250-1000  um  size  fraction  were  manually 
separated  under  the  microscope  into  five  particle  types: 
wood,  coal/coke,  charcoal,  coal  tar  pitch,  and  cenosphere 
(see  Figure  SI  in  Supporting  Information).  These  particle 
types  were  identified  by  visual  observation  under  a  light 
microscope.  The  wood  and  charcoal  were  identified  based 
on  grain  structure  and  color.  The  cenospheres  appeared  as 
black  hard  rounded  shells.  Coal  appeared  as  hard,  black, 
and  shi  ny  particles,  and  coke  had  a  porous  look.  The  coal  tar 
pitch  was  confirmed  from  its  softness  under  the  tweezers 
and  by  observing  particle  melting  upon  contact  with  the 
heated  tip  of  a  spatula  (see  Figure  S2  in  Supporting 
Information).  Five  particles  of  each  kind  were  weighed  and 
extracted  in  1.5  mL  glass  vials  with  Teflon-lined  caps  using 
a  50:50  mixture  of  methylene  chloride  and  acetone.  The 
capped  vials  were  placed  in  asonicator  bath  and  warmed  to 
50°Cfor3minfortheextraction.Followingthreesequential 
extractions,  thesol  vent  was  exchanged  into  cyclohexane  and 
cleaned  up  in  a  silica  gel  microcolumn  prepared  in  a 
disposable  glass  pi  pet.  The  cleanup  procedure  was  a  scaled 
down  version  of  the  standard  U.S.  EPA  Method  3630C.  The 
final  extract  was  concentrated  to  150  /<L  before  analysis. 
Lighter  density  parti  clesi  n  M  i  I  waukee  H  arbor  sedi  ment  were 
also  separated  into  the  two  primary  components  (coal- 
derived,  and  wood)  and  analyzed  for  PAHs. 

Aerobic  Bioslurry  Experiments.  Aerobic  slurry  reactors 
using  Harbor  Point  sedi  ment  were  prepared  in  separate  4  L 
glass  flasks.  A  total  of  2.4  L  of  minimal  medium  was  added 
with  1.33  kg  of  Harbor  Pointsediment.Theminimal  medium 
contained  0.4  g  of  K2HP04,  0.317  g  of  NaH2P04-H20,  0.216 
g  of  NH4CI,  0.1  g  of  MgS04,  1.0  mg  of  FeS04-7H20,  and  1.0 
mL  of  trace  elemental  substances  (TES)/  L  of  dei  on  i  zed  water, 
and  pH  wasadjustedto7.0with  NaOH.TESconsistedof0.15 
g  of  ZnN03-6H20,  0.1  g  of  MnCI2-4H20,  0.062  g  of  H3B03, 
0. 19  g  of  CoCI  2-6H  20, 0.035  g  of  CuS04-  5H  20, 0.027  g  of  N  i  S04- 
6H20,  0.026  g  of  (NH4)6Mo7024-4H20,  and  5.2  g  of  EDTA/L 
of  deionized  water.  Oxygen  was  supplied  to  the  reactors 
through  an  air  pump  (1.6  L/min).  The  reactors  were 
homogeneously  mixed  by  Lightnin  General  Purpose  mixer 
(Rochester,  NY)  and  operated  for  60 d  at24°C.  Polyurethane 
foam  traps  were  used  to  test  for  vol  ati  I  i  zati  on  of  PAH  s  duri  ng 
the  bioslurry  process.  Only  naphthalene  was  detected  in  the 
trap  and  accounted  for  0.8% of  naphthalene  present  in  the 
sediment  added  to  the  bioslurry  reactor. 

Light  Microscopy  Imacpng.  A  Leica  WILD  M3Z  micro¬ 
scope  (65-400x  magnification)  was  used  for  I  ight  microscopy 
i  magi  n  g  of  sed  i  men  t  parti  cl  es.  A  Kodak  DX3900  di  gi  tal  camera 
was  attached  to  th  e  i  magi  n  g  tu  be  of  th  e  m  i  croscope  to  col  I  ect 
pictures. 

PAH  Desorption  Study.  PAH  desorption  kinetic  studies 
were  conducted  using  separated  lighter  fractions.  Desorption 
tests  followed  previously  used  procedures  (15).  Tenax  beads 
(0.5  g)  and  sediment  sample  (0.2  g)  were  added  to  a  12  mL 


glass  vial  containinglOmLofwaterand  continuously  mixed 
in  a  rotator.  Sodium  azide  (1000  mg/L)  was  added  to  the 
m  i  xtu  re  to  p  reven  tbiologicalgrowth.Atsamplingtimes,the 
Tenax  beads  were  harvested  by  allowing  the  sediment  to 
settleand  theTen  ax  beads  to  float  up.  TheTenax  beads  were 
scooped  out  of  the  test  tube,  and  fresh  Tenax  was  added. 
PAHs  were  extracted  from  theTenax  beads  and  analyzed  by 
GC-FID. 

Results  and  Discussion 

Sediment  Particle  Characterization.  Sediments  from  the 
three  locations  were  separated  into  four  size  classes:  <63, 
63-250,  250-1000,  and  >1000  ^m.  Light  microscopy  il¬ 
lustrates  the  diversity  of  particles  and  identifies  prominent 
particle  classes  in  the  sediment  samples.  As  shown  in  the 
microscopic  image  of  sediments  from  the  three  locations  in 
F  i  gu  re  2,  th  e  250- 1000 /<  m  si  ze  sed  i  ments  comp  ri  se  m  i  n  eral 
grains  (primarily  sand)  and  organic  particles  of  various  kinds 
such  as  wood,  charcoal,  coal,  coke,  pitch,  and  cenosphere. 
An  exact  identification  of  the  nature  of  organic  particles  was 
performed  through  petrographic  analysis.  Petrographic 
analysis  involves  preparation  of  a  polished  particle  surface 
followed  by  visualization  under  a  microscope  using  normal 
or  polarized  light.  Thistechniquehas  been  used  historically 
to  identify  coal  maceral  structures,  rank  coals,  identify 
different  stages  of  coal  pyrolysis  and  coke  formation, 
determinecoal  tar  and  pitch  quality,  and  identify  chars  and 
cenospheres (21).  Karapanagioti  etal.  (5)  used  petrographic 
techniques  to  iden  tifytypesof  organic  matter  includingcoals 
in  different  size  fractions  of  aquifer  material.  In  our  earlier 
work,  we  used  similar  techniques  to  identify  coal-derived 
particles  in  Milwaukee  Harbor  sediment  (4). 

The  various  kinds  of  organic  particles  identified  in  the 
three  sediments  in  this  study  by  petrographic  analysis  are 
sh  own  i  n  F  i  gu  re  3.  A  stri  ki  ng  com  mon  featu  re  i  n  th  e  an  al  ysi  s 
of  the  three  sediments  is  the  abundance  of  coal  and  coal- 
derived  particles  in  all  three  sediments.  Possible  sources  of 
coalsin  these  sedi  ments  are  coal  transportation  activitiesin 
harbors  near  the  sampl  i  ng  locations,  hi  stori  c  coal  use  i  n  the 
I  ocal  area,  and  coal  gas  man  ufactu  ringfacilitiesin  thevicinity. 
All  three  sediments  showed  the  presence  of  wood  particles. 
Hunters  Point  and  Harbor  Point  sedi  ment  showed  significant 
presenceof  lignite  and  cenospheres.  Cenospheres  are  more 
or  less  spherical,  porous  semi  coke  or  coked  particles  formed 
during  the  rapid  heating  of  unconfined  coal  (21).  These 
particlesappear  ashollow  carbon  spheres  often  broken  into 
piecesin  the  sedi  ment.  A  special  feature  of  the  Harbor  Point 
sedi  ment  was  the  presenceof  pitch,  a  I  i  kely  residueand  waste 
product  from  former  manufactured  gas  operations.  The 
Milwaukee  Harbor  sediment  was  unique  in  showing  a 
preponderance  of  coal-deri  ved  particles.  The  H  unters  Poi  nt 
sediment  showed  significant  presence  of  charcoal,  which 
was  not  observed  in  abundance  in  the  other  sediment 
samples.  Oil-soot  particles  were  not  seen  abundantly  in  the 
two  size  fractions  that  were  studied  in  detail:  63-250  and 
250- 1000/;  m .  Oi  I  -soot  parti  cl  es  are  typ  i  cal  I  y  nan  ometer  si  zed 
globules,  often  in  grape-like  clusters  several  miconsin  size. 
On  the  basis  of  the  size  of  oil-soot  particles,  these  may  be 
p  resen  tinthestudy  sed  imentsinthe<63^mlighterdensity 
fraction.  In  our  petrography  analysis  for  Hunters  Point 
sediment,  we  found  an  oil-soot  cluster  in  the  63-250  /<m 
si  ze  range  among  more  prevelant  bl  ack  carbonaceous  parti  cle 
types  described  above.  Although  there  were  differences  in 
carbonaceous  particle  types  found  in  the  three  sediment 
samples,  a  common  characteristic  istheabundanceof  highly 
sorbing  carbon  substrates  in  all  three  sediments. 

PCB  and  PAH  Concentrations  in  Sediment.  PCB  ho- 
mologueand  PAH  concentrationsinthethreesedimentsare 
shown  in  Figures  S3  and  S4,  respectively,  in  the  Supporting 
Information.  Among  thethree  sedi  ments,  Hunters  Point  had 
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FIGURE  2.  Light  microscopy  images  of  particles  in  sediment  from  three  locations  showing  the  different  geochemical  types  in  the  size 
range  of  250-1000  fim.  The  relevant  particle  types  identified  are  sd,  sand;  sh,  shell;  co,  coal;  ch,  charcoal;  pi,  coal  tarpitch;ce,cenosphere; 
and  wd,  wood. 


the  highest  levels  of  PCBs  at  9.9  ±  0.9  mg/kg  with  predomi¬ 
nantly  higher  chlorinated  congeners  and  resemblingAroclor 
1260  in  congener  distribution.  The  most  abundant  PCB 
homologueswerehexa-  and  heptachlorobi  phenyls.  The  PCB 
concentrations  at  this  site  are  approximately  3  orders  of 
magnitude  higher  than  background  PCB  levels  (25 /<g/ kg)  in 
the  sediment  in  San  Francisco  Bay  (18).  Total  PCB  concen¬ 
tration  in  Milwaukee  Harbor  sediment  was  1  mg/kg  with 
tetra-  and  pentachlorobiphenyls  being  the  most  abundant 
homologues.  Although  PCBs  were  detected  in  Harbor  Point 
sediment,  a  detailed  study  of  the  PCB  distribution  in  this 
sediment  was  not  conducted  as  part  of  this  investigation. 
Research  with  Harbor  Point  sediments  focused  on  PAHs, 
which  were  the  primary  contaminant  of  concern  at  thissite 
at  262  ±  25  mg/ kg  total  PAHs.  This  sediment  also  appears 
to  bethe  I  east  weathered  based  on  the  rel  ati  vel  y  hi  gher  level  s 
of  lower  molecular  weight  PAHssuch  asphenanthrene.  Total 
PAH  concentration  in  Milwaukee  Harbor  sediment  was  90 
±  7  mg/ kg.  Hunters  Pointsediment  had  thelowest  levelsof 
PAHs  at  8  mg/ kg. 

It  is  well-known  that  hydrophobic  organic  compounds 
such  as  PCBs  and  PAHs  partition  into  organic  carbon  on 
soi  I s  and  sedi  ments.  H  owever,  th i s  parti ti  on i  ng  process  may 
vary  greatly  if  the  organic  carbon  present  in  soils  and 
sediments  comprises  various  forms  such  as  humic  matter 
particles,  humic  matter  sorbed  on  mineral  surfaces,  animal 
and  vegetative  debris,  and  products  of  coal  and  wood  use 
and  combustion.  Our  earlier  work  with  M  ilwaukee  Harbor 
sediment  showed  the  importance  of  coal-derived  particles 
i  n  sorpti  on  of  PAH  s.  Thefol  I  owi  ng  compares  the  di  stri  buti  on 
of  PCBs  and  PAHs  among  particle  sizes  and  density  classes 
for  three  different  sediments. 

Sediment MassDistributi on  among PartideClasses. The 
carbonaceous  sediment  fraction  comprising  coal,  coke, 
charcoal,  pitch,  cenospheres,  and  wood  are  separable  from 
themineral  fraction  based  on  their  lower  density.  Thethree 
sediments  were  separated  intosizeand  densityfractionsand 
analyzed  for  PCBs  and  PAHs  in  each  fraction.  Results  of 
sediment  mass  distribution  by  size  and  density  shown  in 


Figure4reveal  for  each  size  fraction  that  the  lighter  density 
fraction  has  much  smaller  mass  as  compared  totheheavier 
mineral  fraction.  For  all  three  sediments  5-7%  of  the  total 
sediment  mass  is  contributed  by  the  lighter  density  car¬ 
bonaceous  particles.  The  two  freshwater  sediment  samples, 
M  i  I  waukee  Harbor  and  Harbor  Poi  nt,  have  cl  ay/ si  It  ( <63//m 
heavy)  as  the  predominant  sediment  component.  The 
H  u  nters  Point  sed  i  men  t  i  s  coarser  i  n  grai  n  si  ze  wi  th  fi  n  e  an  d 
coarse  sands  comprising  the  majority  of  the  sediment. 

Sediment  PCB  and  PAH  Distribution  among  Particle 
Classes.  PCB  and  PAH  analyses  of  the  lighter  and  heavier 
density  fractions  reveal  that  the  majority  of  thecontaminants 
are  associated  with  the  small  quantity  of  lighter  density 
carbonaceous  particles.  As  shown  in  Figure  5,  the  fraction 
oftotal  PAHs  associated  with  thelighterdensity  carbonaceous 
particles  in  Hunters  Point,  Milwaukee  Harbor,  and  Harbor 
Point  sediments  are  89%,  68%,  and  62%,  respectively.  We 
find  that  the  fraction  oftotal  PCBs  associated  with  lighter 
density  carbonaceous  particles  in  Hunters  Point  and  Mil¬ 
waukee  Harbor  sediments  are  68%  and  58%,  respectively 
(Figure  6).  Thus,  for  all  three  sedi  ments,  PAHsand  PCBs  are 
predominantly  associated  with  the  carbonaceous  particles. 
Earlier  work  by  us  for  Milwaukee  Harbor  sediment  (4)  and 
recent  work  by  Rockneetal.  (22)  for  NY/NJ  harbor  sedi  ments 
has  shown  that  PAHs  can  be  found  predominantly  in  the 
I  ighter  density  fracti  on  of  sedi  ments.  As  with  PAH  s,  our  data 
for  two  sediments  are  thefirst  reporting  of  the  distribution 
of  PCBs  among  sediment  particle  density  classes. 

PAH  and  PCBanalysesbysizeanddensityfractionsshown 
in  Figures 5 and  6 reveal  thatexceptforthefinegrained  (<63 
/<m)  sediment  fraction,  for  every  size  fraction,  the  lighter 
density  material  contributes  to  the  majority  of  PAHs  and 
PCBs  in  the  sediment.  For  the  fine  size  fraction  (<63  /<m), 
i  n  al  I  th  ree  sedi  ments  the  heavi  er  den  si  ty  parti  cl  es  contri  buted 
more  PCBs  and  PAHs  than  the  lighter  density  particles. 
Possiblereasonsforthedi  fferen  cewiththefinest  si  ze  fracti  on 
are  the  much  larger  surface  area  of  thefiner  size  fracti  on  and 
the  comparatively  larger  overall  mass  of  heavy  particles  in 
this  size  fracti  on.  For  example,  in  the  case  of  Harbor  Point 
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FIGURE  3.  Petrographic  identification  of  organic  carbon  particles  in  sediment  from  three  locations  reveals  the  presence  of  coal,  partially 
oxidized  coal,  coke,  lignite,  wood,  charcoal,  cenospheres,  char,  and  pitch.  Petrography  images  shown  are  under  reflected  light  in  oil  at 
500x  magnification. 


sediment,  only  1%  by  mass  in  the  <63  size  fraction 
comprises  light  particles. 

Implications  of  PCB  Speciation  in  Carbonaceous  Par¬ 
ticles.  Since  combustion  and  pyrolysis  processes  are  as¬ 
sociated  with  the  production  of  PAHs  as  a  byproduct,  there 
isa  possibility  that  thecoal-  and  combustion-derived  particles 
reach  the  sedi  ment  with  PAH  s  al  ready  sorbed  to  the  parti  cl  es. 
In  our  current  work,  we  analyzed  PCB  distribution  intwoof 


the  sediments.  Results  of  PCB  analysis  by  sediment  density 
fracti  ons  reveal  a  stri  ki  ngl  y  si  mi  I  ar  story  wherei  n  the  majority 
of  the  PCBs  are  associated  with  the  lighter  density  carbon¬ 
aceous  parti  cl  es.  Si  ncethe  producti  on  of  coal ,  coke,  charcoal , 
and  cenosphere  is  in  no  way  associated  with  PCB  use,  it  is 
un  I  i  kel  y  that  these  parti  cles  can  be  the  sou  rce  of  PC  Bs  i  n  the 
environment.  Forthe<63/(m  size  light  fracti  on,  if  airborne 
soot  particles  are  present,  those  may  have  picked  up  some 
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FIGURE  5.  Sediment  PAH  distribution  by  size  and  density,  heavy 
(Hv)  and  light  (Li),  for  the  contaminated  sediments  from  urban  areas. 
The  lighter  density  fractions  comprise  89%,  68%,  and  62%  of  the 
total  PAHs  for  Hunters  Point,  CA;  M  ilw  aukee  Harbor,  W I;  and  Harbor 
Point,  NY,  sediments,  respectively. 


FIGURE  4.  Sediment  mass  distribution  by  size  and  density,  heavy 
(Hv)  and  light  (Li),  for  Hunters  Point,  CA;  Milwaukee  Harbor,  Wl; 
and  Harbor  Point,  NY,  sediments. 

of  the  PCBs  from  the  atmosphere  before  depositing  in  the 
sediment.  For  the  larger  sized  particles  such  as  coal,  coke, 
an d  ch arcoal ,  i  t  ap pears  that  over  a  I  on g  peri  od  of  ti  me,  PCBs 
in  the  sediment  tend  to  preferentially  accumulate  in  these 
carbonaceous  particles  where  they  may  be  strongly  bound. 
Such  migration  of  PCBs  and  possibly  PAHs  into  a  more 
strongly  sorbing  matrix  has  significant  implications  for 
assessment  of  sediment  quality  criteria  and  for  possible  in 
situ  stabilization  approaches.  For  example,  addition  of 
sorbent  carbonaceous  material  like  activated  carbon  to  the 
sediment  may  enhance  the  sequestration  of  these  hydro- 
phobic  compounds  in  the  sediment,  making  them  less 
avail  able  for  biological  uptake  and  releaseintotheoverlying 
water. 

Effect  of  PAH  Association  with  Particle  Types  on 
Bi  oavai  labi  I  ity.  Aerob  i  c  bi  osl  u  rry  experi  men  ts  were  carri  ed 
out  using  the  two  sediments  that  had  high  levels  of  PAHs: 
Milwaukee  Harbor  (90  mg/kg)  and  Harbor  Point  (262  mg/ 
kg).  We  reported  in  an  earlier  study  for  M  ilwaukee  Harbor 
sediment  that  PAH  biodegradation  was  achieved  mainly 
within  the  <63 /im  heavy  fraction  comprising  the  clays  and 
silt,  for  which  there  was  75%  reduction  in  PAHs  (16).  The 
coal-derived  material  from  Milwaukee  Harbor  sediment 
showed  no  significant  reduction  in  PAH  concentrations 
duri  ng  the  biotreatment  process.  Thus  PAH  sassoci  ated  with 
the  lighter  density  fraction  of  Milwaukee  Harbor  sediment, 
which  was  primarily  coal-derived  particles,  appear  to  be 
strongly  bound  and  not  availablefor  biological  degradation. 

Asimilaraerobicbioslurry  treatm  entstudywascondu  cted 
using  Harbor  Point  sediment  to  compare  with  the  finding 
from  the  Milwaukee  Harbor  study.  As  shown  in  Figure  7, 
nearly  75%  reduction  of  total  PAHs  was  achieved  during  2 
months  of  aerobic  bioslurry  treatment  of  Harbor  Point 


o 


FIGURE  6.  PCB  distribution  in  Hunters  Point  sediment  and 
Milwaukee  Harbor  sediment  by  size  and  density,  heavy  (Hv)  and 
light  (Li).  The  less  dense  fractions  of  the  sediment  comprise  68% 
and  58%  of  the  total  PCBs  for  Hunters  Point,  CA,  and  Milwaukee 
Harbor,  Wl,  respectively. 

sediment.  Greater  than  90%  reduction  was  achieved  for  the 
lowmolecularweight  PAH  s(2-3ring)and  20- 50%  red  ucti  on 
was  achieved  for  thehigh  molecular  weight  PAHs  (5-6  rings). 
PAH  analysis  by  particle  size  and  density  revealed  that, 
al  thou gh  red u cti  on s  of  PAH  s  associ  ated  wi  th  th e  h eavy  san d/ 
si  1 1/  cl  ay  f  racti  on  s  were  h  i  gh  ( 69%)  ,significantPAHreductions 
were  also  achieved  for  PAHs  associated  with  the  lighter 
density  fractions  comprising  coal,  charcoal,  char,  cenos- 
pheres,  and  coal  tar  pitch  (80%).  As  shown  in  Figure  8,  the 
four  si  ze  cl  asses  of  the  I  i  ghter  den  si  ty  fracti  on  of  H  arbor  Poi  nt 
sediment  underwent  significant  losses  of  PAHs  during  the 
bioslurry  treatment  process. 
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FIGURE  7.  Change  in  PAH  concentration  during  2  months  of  aerobic  bioslurry  treatment  of  Harbor  Point  sediment. 


FIGURE  8.  PAH  loss  from  HarborPointsedimentforsize  and  density 
fractions  during  2  months  of  aerobic  bioslurry  treatment  showing 
losses  from  heavy  (Hv)  mineral  fractions  as  well  as  light  (Li)  organic 
particle  fractions. 

PAH  Desorption  Kinetics.  Abiotic  desorption  studies 
using  Tenax  resin  were  conducted  with  two  size  fractions 
(63-250  and  250-1000  ^m)  of  the  lighter  density  particles 
in  Milwaukee  Harbor  and  Harbor  Point  sediments.  Results 
of  these  desorption  studies  are  shown  in  Figure  9  where  the 
fraction  of  PAHs  released  from  the  sediment  particles  after 
different  times  of  desorption  are  plotted  over  a  8-10  day 
period.  For  the  three  most  prominent  PAHs  that  were 
d  egrad  ed  d  u  ri  n  g  b  i  otreatmen  t  ( p  h  en  a  n  th  ren  e,  f  I  u  o  ran  th  en  e, 
and  pyrene),  10-20%ofthePAHsaredesorbed  in  Milwaukee 
Harbor  sediment  as  compared  to  40-70%  for  Harbor  Point 
sediment  in  the  same  time  period.  Thus,  mass  transfer  of 
PAHs  from  the  lighter  density  particles  is  much  faster  in 
Harbor  Point  sediment  as  compared  to  that  in  Milwaukee 
Harbor  sediment.  The  striking  difference  in  PAH  desorption 
rates  in  the  lighter  density  fraction  of  the  two  sediments 
explains  the  differences  in  extents  of  PAH  biodegradation 
observed. 

MicroscalePAH  Extraction  from  Organic  PartideTypes. 

Microscale  extraction  and  analysis  was  performed  on  the 
different  particle  classes  in  Harbor  Point  and  Milwaukee 
Harbor  sediments  to  investigate  further  the  association  of 
PAH  s  with  the  I  i  ghter  density  carbonaceous  parti  cles  i  n  these 
two  sediments.  Individual  particles  of  the  lighter  density 
fraction  particles  (250- 1000 /im)  were  separated  manually 
using  a  pair  of  fine- point  tweezers  under  a  microscope.  The 
five  types  of  carbonaceous  particles  separated  out  as  shown 
in  FigureSlin  theSupporting  Information  arecoal  tar  pitch, 
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FIGURE  9.  Desorption  of  PAHs  from  light-density  fractions  showing 
faster  release  of  PAHs  from  Harbor  Point  sediment  as  compared 
to  the  Milwaukee  Harbor  sediment.  The  dashed  lines  and  open 
symbols  represent  data  for  Harbor  Point.  Full  lines  and  closed 
symbols  represent  data  forMilwaukee  Harbor.Triangles  represent 
particle  size  63-250 fim,  and  squares  representsize  250-1000 //m. 


charcoal,  cenosphere,  coal/coke,  and  wood  (56%,  9%,  18%, 
5%,  and  12%,  respectively,  by  weight).  Coal  petrography 
analysis  performed  on  another  set  of  parti  cles  confirmed  the 
presence  of  these  particle  types  (see  Figure  3).  Results  of 
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Organic  particle  type 

FIGURE  10.  Microextraction  and  analysis  of  major  organic  particles 
classes  in  the  250  1000-// m  size  fraction  show  ing  the  predominance 
of  PAH  association  w  ith  coal-derived  particles  in  M  ilwaukee  Harbor 
and  coal  tar  pitch  particles  in  Harbor  Point  sediment. 

extraction  and  microanalysisof  carbonaceousparticlesfrom 
Milwaukee  Harbor  and  Harbor  Point  sediment  are  shown  in 
F  i  gu  re  10.  For  M  i  I  wau  kee  H  arbor,  coal  -  deri  ved  parti  cl  es  (coal , 
partially  oxidized  coal,  and  coke)  contributed  95%  of  the 
PAHs  in  the  lighter  density  fraction  (250-1000  /<m).  In 
contrast,  coal  tar  pitch  particles  contributed  96%  of  thetotal 
PAHs  in  the  Harbor  Point  sediment  light  density  fraction 
(250-1000  fim).  Contributions  from  the  other  types  of 
particlesamounttotheremaining4%of  the  PAHs.  Although 
the  individual  particle  separation  and  microscale  PAH 
analyses  were  not  possibleforthesmaller  size  fractions,  visual 
observation  under  a  microscope  revealed  a  similar  nature  of 
parti  cl  e  d  i  stri  buti  on  across  parti  cl  e  si  zes  i  n  th  e  I  i  ghter  den  si  ty 
fraction.  Thus,  for  Harbor  Point  sediment,  the  predominance 
of  P  AH  s  i  n  th  e  I  i  ghter  den  si  ty  parti  cl  es  i  s  d  u  e  to  the  p  resen  ce 
of  PAH  containing  coal  tar  pitch  particles.  The  implications 
from  these  observations  are  as  follows: 

PAHssorbed  on  coal-derived  parti  cl  esand  aged  for  years 
in  the  field  (as  seen  in  Milwaukee  Harbor  sediment)  are 
stronglyboundandnotavailablefor  biodegradation,  whereas 
PAHs  associated  with  semisolid,  coal  tar  pitch  (as  seen  in 
Harbor  Point  sediment)  are  largely  bioavailable.  In  the  first 
case,  PAHsare sorbed  on  highlyaromatic,  hard,  coal-derived 
particles;  in  the  second  case,  PAHs  are  partitioned  into  a 
softer  coal  tar  pitch  matrixand  therefore  moreeasily  avail  able 
for  desorpti  on .  Our  results  from  abi  oti  c  desorpti  on  tests  show 
that  PAHs  desorb  much  faster  when  associated  with  pitch 
particles  as  compared  to  coal/ coke  particles.  Log  Koc  values 
for  phenanthrene  sorption  on  coals  are  reported  to  be  6.3- 
6.4  (5)  as  compared  to  a  log  Koc  of  5  for  phenanthrene 
partitioningfrom  coal  tars  (23)  (assuming  carbon  content  of 
coal  tarto  be95%).Thus,  based  on  equilibrium  partitioning, 
PAHs  associated  with  coal  tar  are  much  more  available  in 
theaqueous  phase  than  PAHssorbed  on  coals.  Thesemisolid 
matrixofcoal  tar  pitch  may  inhibit  mass  transfer  rates  but 
notasmuchaspolymer-likediffusion  in  coals.  WorkbyOrtiz 
et  al.  (24)  reports  sol  id-phase  diffusivi  ties  for  phenanthrene 
through  solid  paraffin  in  the  order  of  10~10  cm2/s,  which  is 
orders  of  magnitude  higher  than  estimated  diffu sivities  of 
PAHs  in  coal  matrix  reported  by  us  of  ICC17  cm2/s  (15)  and 


those  reported  by  Karapanagioti  et  al.  (5)  of  10~14cm2/s.  On 
thebasisofthelargedifferencesin  equilibrium  partitioning 
and  desorption  rates  between  hard  coal  versus  the  softer 
semisolid  pitch  matrix  and  the  fact  that  during  bioslurry 
treatment  some  of  the  soft  coal  tar  pitch  particles  may  also 
undergo  breakdown,  it  is  not  surprising  that  we  see  signifi¬ 
cantly  higher  extent  of  biotreatment  in  Harbor  Point  sediment 
as  compared  to  Milwaukee  Harbor  sediment. 

Several  recent  studies  suggest  the  predominant  role  of 
soot  carbon  or  black  carbon  in  the  sequestration  of  PAHs  in 
sediments  (2,  3,  6,  8,  14).  Most  of  these  studies  use  two 
separateobservations:  high  sorption  capacity  of  soot  carbon 
and  identification  of  soot  carbon  in  sediments  to  infer  that 
PAHsin  sediment  are  actually  associated  primarily  with  the 
soot  carbon,  as  equilibrium  conditions  would  dictate. 
Nonetheless,  there  is  little  direct  evidence  that  soot  carbon 
i  n  sed i  men t  i  n deed  con tai  n s a  maj or  fracti  on  of  PAH  s.  Resu I  ts 
of  thisstudy  i  1 1  ustratethei  mportanceofdi  rect  measurements 
at  the  particle  scale  to  understand  the  nature  of  PCB  and 
PAH  distribution  in  contaminated  sediments.  We  show  here 
that  black  carbon  particles  in  aged,  field  sediments  may 
accumulate  PCBs.  Furthermore,  as  shown  in  the  case  of 
H  arbor  Poi  nt  sedi  ment,  even  i  n  the  presence  of  bl  ack  carbon 
(coal,  coke,  cenospheres,  and  charcoal),  PAHs  may  remain 
primarily  associated  with  original  source  materials  such  as 
coal  tar  pitch  and  may  be  available  to  microorganisms  for 
biodegradation. 

Acknowledgments 

We  acknowledge  funding  for  this  research  from  the  Depart¬ 
ment  of  Defense  through  the  Strategic  Environmental 
Research  and  Development  Program  (Contract  DACA72-01- 
C-0002)  and  the  GasTechnology  Institute  (Contract  2863). 

Supporting  Information  Available 

Additional  light  microscopy  images  of  representative  organic 
particletypesin  Harbor  Point  sedi  ment  and  additional  data 
on  PCB  and  PAH  distributions  in  the  three  sediments.  This 
m  ater  i  a  I  i  s  ava  ilablefreeofchargeviathelntemetathttp:// 
pubs.acs.org. 

Literature  Cited 

(1)  Sediment  Quality  Criteria  for  the  Protection  of  Benthic  Organ¬ 
isms  Phenanthrene,  U.S.  Environmental  Protection  Agency, 
Office  of  Water:  Washington,  DC,  1993;  EPA-882-R- 93-014. 

(2)  Gustafsson,0,;Haghseta, F.;Chan,C.;MacFarlane,J.;Gschwend, 
P.  M.  Environ.  Sci.  Technol.  1997,  203-209. 

(3)  Grathwohl,  P.  Environ.  Sci.  Technol.  1990,  24,  1687-1693. 

(4)  Ghosh,  U.;  Luthy,  R.  G.;  Gillette,  J.  S.;  Zare,  R.  N.  Environ  Sci 
Technol.  2000,  34,  1729-1736. 

(5)  Karapanagioti,  H.  K.;  Kleineidam,  S.;Sabatini,  D.  A.; Grathwohl, 
P.;  Ligouis,  B.  Environ.  Sci.  Technol.  2000,  34,  406-414. 

(6)  Accardi-Dey,  A.;  Gschwend,  P.  M.  Environ.  Sci.  Technol.  2002, 
36,  21-29. 

(7)  Walters,  R.  W.;  Luthy,  R.  G.  Environ.  Sci.  Technol.  1984,  18, 
395-403. 

(8)  Gustafsson,  O.;  Gschwend,  P.  M.  In  Molecular  Markers  in 
Environmental  Geochemistry,  Eganhouse,  R.  P.,  Ed.;  ACS 
Symposium  Series  671;  American  Chemical  Society:  Washing¬ 
ton,  DC,  1997;  pp  365-381. 

(9)  Gaboriau,  H.;  Saada,  S.  Chemosphere  2001,  44,  1633-1639. 

(10)  Chiou,  C.  T.;  Groddy,  S.  E.  M .;  Kile,  D.  E.  Environ.  Sci.  Technol. 
1998,  32,  264-269. 

(11)  Karickhoff,  S.  W.;  Brown,  D.  S.;  Scott,  T.  A.  Water  Res.  1979, 13, 
241-248. 

(12)  Salloum,  M  ,J.;  Chefetz,  B.;  Hatcher,  P.  G.  Environ.  Sci.  Technol. 
2002,  36,  1953-1958. 

(13)  Bucheli,  T.  D.;  Gustafsson,  O.  Environ.  Sci.  Technol.  2000,  34, 
5144-5151. 

(14)  Schmidt,  M.  W.  I.;  Noack,  A.  G.  Global Biogeochem.  Cycles2000, 
14,  177-793. 

(15)  Ghosh,  U.;  Tai  ley,  J.  W.;  Luthy,  R.  G.  Environ.  Sci.  Technol.  2001, 
35,  3468-3475. 


2216  ■  ENVIRONMENTAL  SCIENCE  Si  TECHNOLOGY  /  VOL.  37,  NO.  10,  2003 


(16)  Talley, J.  W.;  Ghosh,  U.;Tucker,  S.  G.;  Furey.J.  S.;  Luthy,  R.  G. 
Environ.  Sci.  Technol.  2002,  36,  477-483. 

(17)  Site  Investigation  Report  for  Yosemite  Creek,  Submitted  to  City 
and  County  of  San  Francisco  PublicUtilitiesCommission-,  Arthur 
D.  Little:  San  Francisco,  CA,  2000. 

(18)  Hetzel,  F.  PCBsin  San  Francisco  Bay:  Sources  and  Loadings 
ProgressfigoortCaliforniaRegional  Water  Quality  Control  Board, 
SF  Bay  Region:  San  Francisco,  CA,  2000. 

(19)  Bowman,  D.  W.  Water  Quality  '96,  Proceedings  of  the  11th 
Seminar,  Seattle,  WA;  U.S.  Army  Corps  of  Engineers. 

(20)  M  ullin,  M.  PCB  Congener  Quantification  for LakeMi chi gan  Mass 
BalanceStudy,  EPANational  Health  and  Environmental  Effects 
Research  Laboratory:  Grosse  lie,  Ml,  1994. 


(21)  Gray,  R.  J.  Org.  Geochem.  1991,  17,  535-555. 

(22)  Rockne,  K.J.;  Shor,  L.  M.;  Young,  L.  Y.;Taghon,  G.  L.;  Kosson, 
D.  S.  Environ.  Sci.  Technol.  2002,  36,  2636-2644. 

(23)  Ramaswami,  A.;  Ghoshal,  S.;  Luthy,  R.  G.  Environ.  Sci.  Technol. 
1997,  31,  2268-2276. 

(24)  Ortiz,  E.;  Kraatz,  M.;  Luthy,  R.  G.  Environ.  Sci.  Technol.  1999, 
33,  235-  242. 


Received  for  review  July  15,  2002.  Revised  manuscript  re 
caved  March  11,  2003.  Accepted  M arch  12,  2003. 

ES020833K 


VOL.  37,  NO.  10,  2003/  ENVIRONMENTAL  SCIENCE  &  TECHNOLOGY  ■  2217 


Appendix  II. 


Microscale  Detection  of  Polychlorinated  Biphenyls  Using  Two- 

Step  Laser  Mass  Spectrometry 
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Abstract 


Microprobe  two-step  laser  desorption/laser  ionization  mass  spectrometry 
(|lL“MS)  is  used  as  a  new  analytical  technique  for  the  detection  of  polychlorinated 
biphenyls  (PCBs).  Three  standard  Aroclor  solutions  (Aroclor  1232,  1242,  and  1262)  and 
three  samples  of  activated  carbon  spiked  with  Aroclor  1242  are  examined.  All  the  PCBs 
present  in  the  Aroclor  solutions  are  clearly  identified  using  pL“MS.  The  distribution  of 
the  peaks  follows  the  relative  natural  abundances  of  the  carbon  and  chlorine  isotopes. 
|lL2MS  analyses  of  the  spiked  particles  of  activated  carbon  reveal  the  presence  of  PCBs 
and  an  abundance  of  polycyclic  aromatic  hydrocarbons.  The  detection  limit  for  PCBs  on 
solid  surfaces  is  determined  to  be  between  1  and  10  ppm.  Because  the  spatial  resolution 
of  the  pL"MS  instrument  varies  between  10  and  40  microns,  PCB  information  at  the  sub¬ 
particle  scale  can  be  obtained. 


Keywords:  Two-step  laser  mass  spectrometry,  polychlorinated  biphenyls,  microscale 


characterization. 


1.  Introduction 


Polychlorinated  biphenyls  (PCBs)  have  been  used  widely  in  industry  as  heat 
transfer  fluids,  hydraulic  fluids,  solvents,  extenders,  flame  retardants,  organic  diluents, 
and  dielectric  fluids.  Such  historic  use  has  led  to  widespread  release  into  the 
environment.  Because  PCBs  are  not  easily  biodegraded,  they  accumulate  in  natural  food 
chains.  A  recent  study  of  PCBs  in  butter  produced  in  23  countries  has  demonstrated  the 
large-scale  transport  and  bioaccumulation  of  this  persistent  organic  compound  (1).  PCBs 
have  been  implicated  in  a  number  of  disease  states,  from  infertility  to  carcinogenicity  (2, 
3).  Presently,  experts  cannot  agree  on  approaches  to  solve  the  problem  of  PCB 
bioaccumulation  because  of  the  interplay  between  complex  physical  and  biological 
factors.  PCBs  are  highly  hydrophobic  compounds  and  tend  to  bind  strongly  with  soil  or 
sediment  particles.  Some  of  the  fundamental  challenges  in  managing  PCB -contaminated 
sediments  include  understanding  how  PCBs  bind  to  different  sediment  components,  how 
benthic  organisms  and  particle  feeders  bioaccumulate  PCB  contaminants,  what  are  the 
natural  processes  governing  sediment -particle  interactions  and  dispersion,  and  how 
bioavailable  are  PCBs  bound  to  sediments. 

Significant  advances  in  recent  decades  have  helped  unravel  the  complexity  of 
transfer  of  PCBs  among  different  trophic  levels  of  an  ecosystem  (4).  Nevertheless,  a 
major  deficiency  in  understanding  system  functioning  exists  because  of  a  lack  of 
fundamental  knowledge  of  physicochemical  and  biological  complexity  at  the  particle 
level.  Specifically,  we  lack  knowledge  of  how  PCBs  bind  to  different  geochemical 
components  of  the  sediment  and  how  that  affects  the  transfer  of  PCBs  from  sediment 


particles  to  the  benthic  feeders,  and  from  there  to  higher  organisms.  Particle-scale 
availability  of  PCBs  also  affects  the  rates  of  natural  attenuation  through  microbial 
processes  and  sequestration  through  burial  processes.  Thus,  fundamental  knowledge  of 
PCB  location  and  association  with  soil/sediment  particles  is  key  to  unraveling  the 
mechanism  that  governs  the  release  from  the  sorbed  state  and  accumulation  in  organisms. 

Most  PCB  analytical  techniques  available  to  date,  such  as  US  EPA  method  8082, 
rely  on  solvent  extraction  and  analysis  of  bulk  soil  or  sediment  material  (5).  These  tests 
do  not  provide  information  on  the  particle- selective  behavior  of  PCB  binding.  Recent 
work  by  Ghosh  et  al.  (6)  has  illustrated  the  significance  of  understanding  the  nature  of 
binding  of  polycyclic  aromatic  hydrocarbons  (PAHs)  to  sediment  particle  classes.  Their 
results  showed  that  sediment  from  Milwaukee  Harbor  (USA)  comprised  two  principal 
particle  classes  for  PAHs,  coal-derived  and  clay/silt,  each  having  much  different  PAH 
levels,  release  rates,  and  desorption  activation  energies.  PAH  sorption  on  coal-derived 
particles  is  associated  with  slow  release  rates,  and  high  desorption  activation  energies, 
while  PAH  sorption  on  clay/silt  particles  is  associated  with  significant  potential 
biodegradability,  relatively  fast  release  rates,  and  lower  desorption  activation  energies 
(7).  These  characteristics  are  attributed  to  fundamental  differences  in  the  organic  matter 
to  which  the  PAHs  are  sorbed.  Although  the  majority  of  the  PAHs  are  found 
preferentially  on  coal-derived  particles,  the  PAHs  on  the  clay/silt  sediment  fraction  are 
more  mobile  and  available,  and  thus  potentially  of  greater  concern.  A  similar 
microanalytical  tool  for  in  situ  PCB  abundance  measurements  at  the  sub-particle  scale  is 
therefore  vital  to  understanding  the  fundamental  nature  of  PCB  binding  and  release  from 


sediment  particle  classes. 


Microprobe  two-step  laser  desorption/laser  ionization  mass  spectrometry 
(|lL“MS)  was  used  for  the  in  situ  detection  and  microscale  characterization  of  PAHs  in 
the  work  on  the  Milwaukee  Harbor  Sediment  mentioned  above.  This  technique  is  highly 
versatile  and  powerful.  By  making  minor  modifications  to  the  experimental  setup  it  is 
likely  to  be  ideal  for  PCB  analyses  as  well.  Early,  preliminary  work  on  PCB  detection 
was  reported  in  the  Ph.D.  thesis  of  Clemett  (8);  this  study  extends  his  effort.  In  the  first 
step  of  pL2MS,  the  output  of  a  pulsed  infrared  (IR)  laser  is  focused  on  the  sample.  This 
causes  rapid  heating  in  the  spot  area  and  thereby  releases  a  plume  of  neutral  molecules. 

In  the  second  step,  the  output  of  a  pulsed  ultraviolet  (UV)  laser  causes  (1+1)  resonance- 
enhanced  multiphoton  ionization  (REMPI)  of  those  desorbed  molecules  that  are  able  to 
absorb  this  radiation  and  whose  ionization  potential  is  less  than  the  energy  of  two  photons 
at  this  wavelength.  The  resulting  ions  are  then  mass  analyzed  in  a  reflectron  time-of- 
flight  (TOF)  mass  spectrometer.  The  use  of  a  laser  to  volatilize  neutral  molecules  and  the 
subsequent  laser  photoionization  enables  the  in  situ  analysis  of  samples;  and  this 
procedure  eliminates  the  sample  preparation,  extraction,  purification,  and  separation  steps 
that  are  involved  in  other  techniques. 

In  a  pL“MS  experiment,  sampling  occurs  from  a  circular  spot  of  micron 
dimensions.  The  surface  being  analyzed  is  visualized  through  a  microscope  objective 
that  is  connected  to  a  video  monitor.  The  exact  size  of  the  spot  is  determined  by  how 
tightly  the  IR  laser  beam  can  be  focused  onto  the  sample.  This,  in  turn,  depends 
primarily  on  the  wavelength  of  the  IR  laser,  its  spatial  beam  properties,  and  the  working 
distance  of  the  microscope  objective  that  is  used  to  focus  the  beam.  Depending  on 
whether  a  CCb  or  Er:YAG  laser  is  used  for  desorption,  the  analysis  spot  of  the  current 


2 

(lL”MS  configuration  has  a  diameter  of  40  or  10  (im  respectively.  By  translating  the 
sample  under  the  microscope  objective,  it  should  be  possible  to  generate  spatial  maps  of 
the  PCBs  on  the  surface.  Because  a  complete  mass  spectrum  can  be  obtained  from  a 
single  analysis  spot,  spatial  maps  of  all  the  masses  can  be  acquired  simultaneously. 

The  objectives  of  the  present  work  are  to  evaluate  whether  the  pL”MS  technique 
is  capable  of  identifying  PCBs  and  to  assess  the  utility  of  pL”MS  for  in  situ  microscale 
detection  of  PCBs  on  heterogeneous  sediment  surfaces. 


2.  Experimental  Section 

2.1.  Samples 

Aroclors  1232,  1242,  and  1262  were  obtained  from  Ultra  Scientific,  USA.  The 
structures  and  approximate  percents  of  the  different  PCBs  in  these  samples  are  given  in 
Table  1.  The  compositions  of  Aroclor  1232  and  1262  were  determined  by  using  gas 
chromatography  with  electron  capture  detection.  Data  for  Aroclor  1242  was  obtained 
from  a  study  by  Fiedler  (9).  The  solutions  were  prepared  in  hexane  at  a  concentration  of 
100  pg/ml.  Fifty  microliters  of  each  solution  was  evaporated  on  a  glass  plate  for  pL2MS 
analysis.  In  addition,  three  samples  of  activated  carbon  were  spiked  with  Aroclor  1242  at 
concentrations  of  1,  10,  and  100  ppm.  This  spiking  was  done  by  adding  the  appropriate 
amounts  of  Aroclor  solution  in  hexane  to  the  particles,  and  allowing  the  solvent  to  dry 


overnight. 


2 

2.2.  \lL  MS  Technique 


2 

The  pL  MS  instrument  has  been  described  in  detail  elsewhere  (10,  1 1).  The 
sample  to  be  analyzed  is  placed  on  a  brass  platter  that  is  7  mm  in  diameter,  and 
introduced  into  the  instrument  through  a  vacuum  interlock.  The  instrument  is  evacuated 
to  2  x  10  s  torr  in  five  minutes.  IR  light  from  either  a  pulsed  CO2  (Alltech  AL  853;  10.6 
pm)  or  an  Er:YAG  laser  (Big  Sky  Laser  571  A;  2.94  pm)  is  focused  using  a 
Cassegrainian  microsocope  objective,  causing  constituent  molecules  on  the  sample’s 
surface  to  be  desorbed.  The  IR  laser  power  is  kept  low,  ~  2.5  x  10  W/cnr,  to  avoid 
plasma  formation,  minimize  decomposition,  and  ensure  the  desorption  of  only  neutral 
species.  After  an  appropriate  time  delay  (25  ps)  during  which  the  desorbed  molecules 
move  into  the  extraction  region,  the  output  from  a  pulsed  Nd:YAG  laser  (Spectra  Physics 
DCR11;  212  nm)  intersects  the  gas  plume  causing  only  certain  compounds  to  be 
selectively  ionized.  The  212  nm  light  is  generated  through  frequency  mixing  of  the 
Nd:YAG  fundamental  at  1.064  pm  with  the  fourth  harmonic  at  266  nm  in  a  barium 
borate  crystal.  The  UV  laser  pulse  intensity,  -1.25  x  106  W/cm2,  is  chosen  to  maximize 
parent  ion  signal  while  minimizing  fragmentation.  The  ions  produced  are  extracted  from 
the  source  and  injected  into  the  reflectron  TOF  mass  spectrometer  using  a  series  of 
charged  plates  in  a  modified  Wiley-McLaren  geometry  (12).  A  20  cm"  active  area  dual 
micro-channel  plate  detector  is  used  in  a  Chevron  configuration  to  detect  the  ions.  The 
output  of  the  detector  passes  through  a  fast  preamplifier  (LeCroy  VV100BTB)  and  a 
timing  filter  (Ortec  474)  and  is  displayed  on  a  digital  oscilloscope  (LeCroy  9450).  The 


resulting  signal  is  averaged  in  the  oscilloscope  with  subsequent  laser  shots,  and  is 
transferred  to  a  computer. 

3.  Results  and  Discussion 

3.1.  Aroclor  Solutions 

Figure  1  shows  the  pL2MS  spectra  (50-shot  average)  of  solutions  of  Aroclor 
1232,  1242,  and  1262  evaporated  on  glass  plates.  The  peaks  marked  correspond  to  the 
compounds  listed  in  Table  1.  Each  PCB  in  the  mixture  is  isotopically  resolved  as  its 
parent  ion.  The  PCB  compounds  have  unique  mass  distributions  that  differ  dramatically 
from  those  of  PAHs  and  other  compounds.  This  feature  becomes  particularly  important 
when  complex  mixtures  are  examined  because  it  is  likely  that  other  compounds  with 
similar  masses  to  those  of  the  PCBs  are  present.  There  are  some  extra  peaks,  probably 
from  contaminants,  in  the  spectrum  of  Aroclor  1242. 

Figure  2  presents  the  spectra  predicted  for  dichloro-,  tetrachloro-  and  heptachloro- 
biphenyls  based  on  values  of  the  natural  abundances  of  the  chlorine  and  carbon  isotopes. 
These  spectra  are  compared  with  corresponding  |iL“MS  spectra.  The  results  indicate  that 
the  peak  distributions  that  we  obtain  experimentally  are  very  similar  to  the  ones  expected, 
implying  that  the  integrity  of  the  isotopic  ratios  is  retained  during  (iL“MS  analyses. 

From  Figure  1  it  is  evident  that  p,F“MS  detects  all  the  PCB  congeners  of  one  mass 
in  a  single  peak.  In  most  of  the  conventional  techniques  used  for  PCB  analysis,  the 
isomers  of  a  given  PCB  series  are  chromatographic  ally  separated.  For  molecules  with 


large  number  of  isomers,  however,  the  separation  effectively  lowers  the  detection 
sensitivity.  (iL“MS  does  not  face  a  similar  problem.  In  an  ideal  situation  it  would  be 
beneficial  to  use  |iL2MS  in  tandem  with  some  technique  that  gives  clear  isomer 
separation  and  identification.  The  complementary  information  obtained  would  provide  a 
complete  understanding  of  the  PCBs  present  in  the  sample. 

The  prominent  PCBs  identified  in  Aroclor  1232,  1242,  and  1262  respectively 
during  (iL"MS  analysis  [Figure  1]  are  consistent  with  the  information  in  table  1.  (iL“MS 
is  not  used  to  obtain  quantitative  information  on  the  relative  abundances  or  absolute 
concentrations  of  compounds  present  in  a  sample.  This  is  because  the  intensities  of 
(lL”MS  peaks  are  not  only  a  reflection  of  the  concentration  of  the  compound  in  the 
sample  but  also  depend  on  the  volatility  and  the  photoionization  cross  section  of  the 
species  at  a  particular  laser  ionization  wavelength.  The  photoionization  cross  sections  of 
different  PCBs  have  not  been  characterized  for  our  instrument  as  yet. 

Some  experiments  were  performed  using  266  nm  light  for  photoionization  as 
well.  PCBs  were  identified  even  at  this  longer  wavelength,  but  the  signal  intensity 
markedly  dropped.  This  signal  decrease  results  from  PCB  molecules  being  more  readily 
resonantly  photoionized  by  the  more  energetic  photons  at  212  nm. 


3.2.  Samples  of  Activated  Carbon  Spiked  with  Aroclor  1242 

Particles  of  activated  carbon  were  spiked  with  Aroclor  1242  to  determine  the 
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effect  of  the  substrate  in  |iL"MS  analysis  of  PCBs.  Activated  carbon  was  chosen  because 


it  is  well  known  that  PCBs  bind  very  strongly  to  this  material,  and  it  is  likely  that  PCBs 
bind  to  soils  and  sediments  in  a  similar  manner. 

Figure  3  shows  the  |iL2MS  spectrum  of  activated  carbon  particles  spiked  with  10 
ppm  of  Aroclor  solution.  The  spectrum  is,  once  again,  a  50-shot  average,  and  the  sample 
was  repositioned  between  laser  shots  so  that  desorption  occurred  from  a  fresh  portion  of 
the  surface  every  time.  Two  distinct  mass  envelopes  appear,  one  corresponding  to  PAHs 
of  lower  molecular  weight  and  the  other  corresponding  to  the  PCBs  added.  The  main 
PAHs  present  include  naphthalene  (128  Da),  acenaphthene  (154  amu), 
phenanthrene/anthracene  (178  Da),  and  their  alkylated  counterparts  and  the  PCBs  marked 
in  the  spectrum  correspond  to  the  ones  mentioned  in  table  1.  Although  PAHs  are  not 
expected  to  be  present  in  pure  activated  carbon,  this  particular  sample  may  have  been 
exposed  to  laboratory  air  for  an  extended  period  resulting  in  sorption  of  some  of  the 
volatile  PAHs.  The  presence  of  PCB  peaks  in  spectra  of  the  activated  carbon  particles 
demonstrates  the  feasibility  of  using  |iL“MS  to  detect  PCBs  bound  to  solid  substrates. 

The  PCB  peak  distribution  for  this  sample  differs  from  that  of  the  Aroclor  solution 
evaporated  on  a  glass  plate  [Figure  1(b)].  Higher  molecular  weight  PCBs,  such  as  the 
tetrachloro-  and  pentachloro-  biphenyls,  seem  to  bind  more  strongly  to  the  solid  substrate 
than  ones  of  lower  molecular  weight. 

In  Figure  3  the  |iL“MS  signal  intensity  for  the  PAHs  is  much  greater  than  that  for 
the  PCBs.  This  difference  implies  that  the  instrument  is  either  much  more  sensitive  to 
PAHs  than  PCBs,  or  activated  carbon  sample  is  richer  in  PAHs  than  PCBs.  We  routinely 
use  266  nm  of  photoionization  light  for  PAHs.  It  is  not  surprising  that  we  see  these 
compounds  even  at  212  nm  because  it  is  known  that  the  intermediate  excited  state  of 


PAHs,  that  corresponds  to  a  7t-»7t*  transition,  typically  has  two  broad  multi-modal 


distributions  in  the  210-230  nm  and  260-280  nm  wavelength  ranges.  The  extinction 
coefficients  for  the  shorter  wavelength  transition  tend  to  be  larger,  and  so  photoionization 
at  212  nm  offers  a  greater  sensitivity  to  PAHs.  The  fact  that  the  shorter  wavelength 
reduces  the  species  selectivity  of  the  ionization  event  may  compromise  the  ease  of 
|lL”MS  spectral  analyses  in  some  situations.  Fortunately,  PCBs  have  such  distinct  peak 
distributions  during  pL“MS  analysis  that  we  can  confidently  identify  them  in  complex 
spectra. 

In  order  to  determine  the  detection  sensitivity  of  the  pL"MS  technique,  two 
additional  activated  carbon  samples  spiked  with  100  and  1  ppm  of  PCBs  were  analyzed. 
For  the  100  ppm  particles,  distinct  PCB  peaks  are  present.  At  1  ppm,  the  pL2MS 
spectrum  still  shows  the  PCB  peaks,  but  the  signal/noise  ratio  drops  below  the  detection 
limit.  Thus,  we  conclude  that  the  detection  limit  for  our  current  experimental  setup  is  in 
the  range  of  1  to  10  ppm.  The  uniform  decrease  in  pL“MS  signal  as  we  go  from  a  highly 
concentrated  sample  to  one  with  trace  amounts  of  PCBs  implies  that  semi-quantitative 
analysis  of  relative  PCB  abundance  on  different  particles  in  a  sample  may  be  assessed 
using  the  pL2MS  technique. 


4.  Conclusions 

2 

The  pL"MS  technique  is  a  very  powerful  and  highly  versatile  microanalytical 
technique  that  has  successfully  been  used  to  study  a  wide  range  of  compounds  such  as 


polycyclic  aromatic  hydrocarbons  (PAHs)  (13-22),  fullerenes  (8,  23),  porphyrins  (24), 
dyes  (25,  26),  amino  acids  (27),  and  polymer  additives  (28,  29).  In  this  study  we  extend 
the  capabilities  of  |iL2MS  to  detect  PCBs. 

Using  212  nm  light  for  photoionization,  PCBs  were  identified  in  the  three  Aroclor 
solutions  examined.  The  PCB  molecules  have  distinct  signatures  in  the  |iL”MS  spectra, 
which  are  unique  for  the  PCB  compound  being  examined  and  differ  dramatically  from 
PAHs  or  other  compounds  likely  to  be  present  in  soils  and  sediments.  The  results  of  the 
experiments  in  which  activated  carbon  particles  were  spiked  with  PCBs  indicate  that 
|lL”MS  is  a  feasible  technique  for  PCB  detection  on  solid  substrates.  Furthermore,  the 
detection  sensitivity  of  the  current  |iL2MS  configuration  for  PCBs  is  determined  to  be 
between  1  and  10  ppm.  With  this  capability  to  detect  PCBs,  future  work  can  be  carried 
out  to  establish  what  correlations  exist  between  PCB  location  on  a  sediment  particle  and 
the  type  of  organic  matter  present. 
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Figure  1.  |iL2MS  spectra  of  the  PCB  mixtures  (a)  Aroclor  1232  (b)  Aroclor  1242  and  (c) 


Arocolor  1262. 
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Figure  2.  Predicted  peak  distributions  and  corresponding  (iL2MS  spectra  of  (a) 
dichlorobiphenyl  (b)  tetrachlorobiphenyl  and  (c)  heptachlorobiphenyl.  The  appropriate 


regions  of  figure  1  were  expanded  to  depict  the  experimental  data. 
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Figure  3.  |lL2MS  spectrum  of  activated  carbon  particles  spiked  with  10  ppm  of  Aroclor 


1242. 


Table  1.  Structures  of  PCBs  and  composition  of  commercial  aroclor  mixtures  1232,  1242, 


and  1262. 


PCB 

STRUCTURE 

PERCENTAGE  IN 

1232  1242  1262 

1.  Monocfilorobiphenyl 

12 

3 

ad 

2.  D*cfilorobipherry1 

28 

13 

ad 

3.  Trichlorobiphenyl 

32 

28 

n.d. 

4.  Tetrachlorobiphenyl 

24 

30 

n.d. 

5  Pentachlorob.ph*nyl 

©H@'as 

4 

22 

i 

6  HexachlofOb<phenyl 

ad 

4 

27 

7  HeptacMoroblpnanyt 

( 7 

n.d 

n.d. 

46 

8  Oaachtorobiphenyl 

n.d 

n.d. 

23 

9  Nortachloroblpbenyt 

<Q) — (0^~  ci» 

n.d 

n.d. 

3 

n  d  not  detected 
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The  addition  of  activated  carbon  as  particulate  sorbent  to 
the  biologically  active  layer  of  contaminated  sediment 
is  proposed  as  an  in-situ  treatment  method  to  reduce  the 
chemical  and  biological  availability  of  hydrophobic 
organic  contaminants  (HOCs)  such  as  polychlorinated 
biphenyls  (PCBs)  and  polycyclic  aromatic  hydrocarbons 
(PAHs).  We  report  results  from  physicochemical  experiments 
that  assess  this  concept.  PCB-  and  PAH-contaminated 
sedimentfrom  Hunters  Point  N aval  Shipyard,  San  Francisco 
Bay,  CA,  was  contacted  with  coke  and  activated  carbon 
for  periods  of  1  and  6  months.  Sediment  treated  with  3.4  wt 
%  activated  carbon  showed  92%  and  84%  reductions  in 
aqueous  equilibrium  PCB  and  PAH  concentrations,  77%  and 
83%  reductions  in  PCB  and  PAH  uptake  by  semipermeable 
membrane  devices  (SPM  D),  respectively,  and  reductions 
in  PCB  flux  to  overlying  water  in  quiescent  systems  up  to 
89%.  Adding  coke  to  contaminated  sediment  did  not 
significantly  decrease  aqueous  equilibrium  PCB  concentra¬ 
tions  nor  PCB  or  PAH  availability  in  SPM  D  measurements. 
Coke  decreased  PAH  aqueous  equilibrium  concentrations 
by  38-64%  depending  on  coke  dose  and  particle  size.  The 
greater  effectiveness  of  activated  carbon  as  compared 
to  coke  is  attributed  to  its  much  greater  specific  surface 
area  and  a  pore  structure  favorable  for  binding  contaminants. 
The  results  from  the  physicochemical  tests  suggest  that 
adding  activated  carbon  to  contaminated  field  sediment 
reduces  HOC  availability  to  the  aqueous  phase.  The  benefit 
is  manifested  relatively  quickly  under  optimum  contact 
conditions  and  improves  in  effectiveness  with  contact  time 
from  1  to  6  months.  Activated  carbon  application  is  a 
potentially  attractive  method  for  in-situ,  nonremoval  treatment 
of  marine  sediment  contaminated  with  HOCs. 

Introduction 

Contamination  of  marine  sediments  with  hydrophobic 
organic  compounds  (HOCs)  such  as  polycyclic  aromatic 
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hydrocarbons  ( PAH  s)  and  pol  ych  I  ori  nated  bi  phenyl  s  ( PC  Bs) 
isa  concern  at  numerous  harbors,  estuaries,  lakes,  and  rivers 
throughout  the  world.  Approximately  10%  of  the  sediment 
underl  yi  ng  surface  waters  i  n  the  U  n  ited  States  poses  potenti  al 
risks  to  fish  and  to  humans  and  wildlife  that  consume  fish 
(1).  Current  approaches  to  contaminated  sediment  reme¬ 
diation  rely  heavily  on  dredging  and  disposal.  Often  this  is 
very  expensive  and  may  temporarily  increase  contaminant 
exposure  as  well  as  destroy  wildlife  habitat.  Furthermore, 
even  when  sediments  are  removed  from  a  site,  some 
contamination  inevitably  remains,  becoming  a  potential 
long-term  threat  for  exposure  (2). 

Contaminated  sediment  management  at  Hunters  Point 
Naval  Shipyard,  San  Francisco,  CA,  has  been  studied  for 
several  years  (3,  4).  A  key  area  of  concern  is  South  Basin,  a 
small  inlet  forming  the  southwestern  border  of  the  former 
shipyard.  The  inlet  is  also  where  storm  sewer  outfalls  from 
an  industrial  area  in  San  Francisco  empty  into  the  Bay.  The 
San  Francisco  Bay  Regional  Water  Quality  Control  Board 
reports  that  Hunters  Point  sediment  contains  up  to  10.5  mg/ 
kg  total  PCBs,  one  of  the  highest  levels  anywhere  for  the 
estuary  (Fred  Hetzel,  San  Francisco  Bay  Regional  Water 
Quality  Control  Board,  personal  communication).  Cleaning 
up  contaminated  sediment  sites  such  as  Hunters  Point 
presentseconomic,  environmental,  and  technical  challenges; 
thus,  innovative  solutions  are  needed  to  meet  sediment 
management  cleanup  goals  while  minimizing  costs  and 
environmental  impacts.  This  paper  describes  results  from 
physicochemical  tests  to  evaluate  a  newly  proposed  method 
for  in-situ  treatment  of  HOCs  in  sediment  that  is  based  on 
add  i  ti  on  of  parti  cu  I  ate  carbon  sorbent  to  sed  i  ment  to  ach  i  eve 
repartitioningandsequesteringof  PCBsand  PAHs.Thiswork 
builds  on  the  discovery  of  the  accumulation  and  strong 
binding  of  PAHs  and  PCBs  in  anthropogenic  and  naturally 
occurring  particulate,  black  carbonaceous  matter  already 
present  in  sediments,  which  includes  coal  and  charcoal  in 
Hunters  Point  sediment  (5,  6). 

Strong  sorption  to  solids  can  reduce  contaminant  bio- 
avai  lability  to  organ  isms.  Tal  ley  etal.  (7)  found  that  sediment 
bioslurry  treatment  reduced  PAH  concentrations  by  75%  in 
the  clay-silt  fraction  of  sediment  but  did  not  reduce  PAH 
concentrations  in  thelighter  density,  primarily  coal-derived 
sediment  fraction.  In  the  same  study,  earthworms  exposed 
to  bioslurry- treated  sediment  accumulated  75%  less  PAHs 
than  earthworms  exposed  to  untreated  sediment,  which 
indicated  that  PAHson  theclay-siltsedimentfraction  were 
readilyavailabletoboth  microorganisms  and  to  earth  worms. 
Kraaij  etal.  (8)  showed  that  treating  contaminated  sediment 
by  contacting  with  Tenax for  48  h  reduced  both  thefraction 
of  readily  desorbing  PCBsand  PAH  sand  the  biota-sediment 
accumulation  factors  (BSAFs)  in  tubifex  worms.  The  authors 
concluded  that  the  reduction  in  BSAF  values  was  caused  by 
theTenaxtreatmentdecreasingtherapidly  desorbing  fraction 
of  PCBsand  PAHs.  Kosian  etal.  (9)  and  West  etal.  (10)  added 
Ambersorb  1500  resin,  a  strong  sorbent  of  hydrophobic 
organics,  to  sediment,  which  reduced  PAH  body  burdens  in 
Lumbriculusvariegatus.  Thus,  results  from  several  different 
studies  with  sediments  and  various  organisms  indicate  that 
strong  sorption  to  solids  can  reduce  contaminant  bioavail¬ 
ability. 

Theobjectiveofthisresearch  was  to  investigate  theeffect 
of  carbon  addition  in  theform  of  coke  and  activated  carbon 
on  PCB  and  PAH  availability  in  sediments.  Changes  in 
availability  were  measured  through  PCB  aqueous  flux  and 
through  PCB  and  PAH  aqueous  equilibrium  and  uptake  in 
semipermeable  membrane  devices  (SPM  Ds). 
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Experimental  Methods 

Sediment- Sorbent  Contact.  A  composite  sample  of  sedi- 
mentwas  obtained  from  theintertidai  region  of  South  Basin, 
adjacent  to  the  former  landfi  II  at  H  unters  Poi  nt  (37° 43.44'  N, 
122° 22. 62'  W  to  37°43.38'  N,  122°22.54'  W).  Sediment  was 
screened  in  the  field  to  remove  gravel  and  debrislarger  than 
4  mm  diameter  and  stored  at  4  °C.  PCB  by  congener  and 
PAH  (16  Priority  Pollutant  List  PAH)  concentrations  on 
sediment  solids  were  measured  using  sonication  with  1:1 
hexane:acetone  extraction  followed  by  cleanup  using  silica 
gel  and  analysis  with  GC-ECD  and  GC-FID,  following  U.S. 
EPAMethods3550B,  3630C,  8082,  and  8100,  as  described  by 
Ghosh  et  al.  (6).  Sediment  total  organic  carbon  (TOC)  was 
measured  by  combustion  in  an  elemental  carbon  analyzer 
( M  i  croanal  yti  cal  Laboratory,  U  n  i  versi  ty  of  1 1 1  i  n  oi  s  at  U  rban  a- 
Champaign)  following  treatment  with  acid  to  remove  car¬ 
bonates  (11).  H  unters  Point  sediment  had  a  TOC  content  of 
1.7%.  Coke  used  in  these  experiments  was  1-2  mm  coke 
breeze  obtained  from  Ispat  Inland,  Inc.,  East  Chicago,  IL, 
i  dentifi  ed  as  "coke  1881"  ( Dr.  H  ardarshan  Val  i  a,  I  spat  I  n  I  and 
Research  Department).  The  coke  was  ground  in  a  ball  mill 
and  sieved  to  obtain  particles  in  the  63-105 (fine)  and 
105-250/(m  (coarse)  size  ranges.  TypeTOG  activated  carbon 
(75-  300  fim),  derived  from  bituminous  coal  and  obtained 
from  Calgon  Corporation  (Pittsburgh,  PA),  was  boiled  in  water 
for  5  min  prior  to  use  to  remove  any  air  pockets  in  pores.  Wet 
Hunters  Point  sediment,  equivalent  to  approximately  3.8  kg 
dry  weight,  was  placed  in  1-gal  glass  roller  bottles,  followed 
by  addition  of  sorbent  and  approximately  300  mL  of  17  ppt 
seawater.  Fivedifferentsorbenttreatmentsweresetup:  fine 
and  coarse  coke  at  two  and  five  times  existing  sedimentTOC 
content  of  1.7%  (3.4%  and  8.5%)  and  activated  carbon  at  two 
times  TOC  content  (3.4%).  Controls  were  set  up  with  no 
sorbent.  Bottles  were  rolled  at  approximately  3  rpm  for  28 
or  180  d  (1  or  6  months).  At  the  end  of  the  contact  period, 
wet  sediment  slurry  was  placed  in  amber  glass  bottles  and 
stored  in  a  cold  room  at  4  °C.  These  sorbent  doses  were 
selected  asa  starting  point  to  assess  treatment  effectiveness. 
Subsequent  work  has  exami  ned  the  effect  of  lesser  acti  vated 
carbon  dose  and  smaller  particle  size  on  PCB  availability. 

Aqueous  Equilibrium.  Equilibrium  distribution  of  PCBs 
and  PAHs  between  sediment  and  aqueous  phases  was 
measured  by  placi  ng  approxi  mately  100  g  of  coke- treated  or 
acti  vated  carbon-treated  or  untreated  wet  sedi  ment  i  n  1.9-L 
glass  bottles  with  17  ppt  seawater  and  1  g/L  sodium  azide 
(practical  grade,  Mallinckrodt,  Paris,  KY)  to  inhibit  micro¬ 
biological  growth. Thebottleswerecapped  with  Teflon-lined 
caps,  shaken,  and  rotated  at  approxi  mately  2  rpm  on  a  roller 
for  14  d,  after  wh  i  ch  th  e  sed  i  ment- water  mi  xtu  re  was  al  I  owed 
to  settleandthesupernatant  cleared  of  any  floating  particles 
with  a  Pasteur  pipet.  Colloids  were  removed  using  the 
flocculation  procedure  described  previously  (12).  PCBs  and 
PAHs  were  extracted  from  the  aqueous  phase  using  liquid- 
liquid  extraction  with  hexane.  Extract  cleanup  with  silica  gel 
and  PCB  by  congener  and  PAH  (16  Priority  Pollutant  List 
PAH)  analyses  of  extracts  by  GC-ECD  and  GC-FID  from 
aqueous  equilibrium,  uptake  by  SPM  D,  quiescent  flux,  and 
desorption  experiments  were  performed  followingU.S.  EPA 
Methods  3630C,  8082,  and  8100,  as  described  previously  (6). 

SPMDs.  SPMDs  are  a  biomimetic  tool  to  assess  the 
chemical  and  biological  availability  of  PAHs  and  PCBs  in 
sediment  and  water  (13-17).  SPM  Dswere  used  in  thiswork 
tostudytheeffectofsorbentaddition on  PCBand  PAH  release 
from  contaminated  sediments.  Custom-made  SPM  Ds(EST, 
St.  Joseph,  MO)  were  100  mm  long  and  filled  with  0.1  g  of 
triolein,  a  component  of  fish  lipid  (18).  Approximately  12  g 
of  wet,  untreated,  coke-treated  or  activated  carbon-treated 
sediment  was  added  to  40-mL  clear  glass  vials  with  17  ppt 
seawater  and  1  g/L  sodium  azide,  leaving  approximately  1 
mL  of  headspace.  One  SPM  D  was  folded  in  half  and  placed 


FIGURE  1.  Quiescentsedimentflux  experimental  setup  with  17  ppt 
seawater.  XAD  resin  beads  are  contained  in  stainless  steel  baskets 
suspended  above  the  sediment. 


i  n  each  vi  al ;  th  e  vi  al  s  were  seal  ed  wi  th  Tefl  on  - 1  i  n  ed  caps  an  d 
set  on  a  rotator  at  approximately  20  rpm  for  14  d. 

After  tumbling,  the  SPM  Ds  were  rinsed  with  deionized 
water;  swirled  for  30  s  in  1  N  hydrochloric  acid  (Fisher 
Scientific,  Fair  Lawn,  NJ);  rinsed  with  deionized  water, 
acetone  (pesticide  grade,  Fisher  Scientific,  Fair  Lawn,  NJ), 
and  isopropyl  alcohol  (Mallinckrodt  Baker,  Paris,  KY);  and 
wi  ped  and  ai  r-dri  ed  for  approxi  mately  30  s.  TheSPM  Dswere 
submerged  in  hexaneand  dialyzed  at  room  temperature  for 
24  h .  Th  e  d  i  al  ysate  was  transferred  to  a  second  250-  m  L  bottl  e, 
and  the  dialysis  with  fresh  hexane  was  repeated  for  8  h. 
Dial  ysateswerecombined  with  hexanerinse,thetotal  volume 
was  recorded,  and  aliquots  were  taken  for  cleanup  and 
analysis  using  methods  described  previously  (6). 

Quiescent  Flux.  Diffusive  PCB  flux  from  contaminated 
sed  i  men  t  was  measu  red  i  n  q  u  i  escent  systems  wi  th  Amberl  i  te 
XAD-4  (XAD)  beads  (20-60  mesh,  Sigma  Chemical  Co.,  St. 
Louis,  MO)  suspended  above  the  sedi  ment  in  stainless  steel 
mesh.  XAD  beads  were  cleaned  using  a  methanol  wash 
(pesticide  grade,  Fisher  Scientific,  Fair  Lawn,  NJ)  and  stirring 
periodically  with  a  glass  rod  for  15  min;  then  draining  and 
repeating  three  times  each  with  methanol,  1:1  hexane: 
acetone,  methanol,  and  deionized  water;  and  then  soaking 
in  deionized  water  for  12  h.  XAD  beads  were  placed  in 
precleaned  stain  I  ess  steel  40mm  diameter  wire  mesh  baskets 
to  about  half  full,  clamped  with  stainless  steel  wire,  and 
shaken  in  deionized  water  to  remove  beads  smaller  than 
wire  mesh  openings. 

Quiescent  sedi  ment  systems  employed  approxi  mately  20 
g  wet  sediment  in  250-mL  beakers  filled  to  200  mL  with  17 
ppt  seawater  with  1  g/L  sodium  azide.  A  schematic  of  the 
experiment  setup  is  shown  in  Figure  1.  Four  systems  were 
set  up:  (i)  untreated  sediment;  (ii)  sand-capped  sediment; 
(iii)  activated  carbon-capped  sediment;  and  (iv)  carbon- 
contacted  sediment  with  3.4  wt  %  activated  carbon.  The 
sedi  ment- water  mixtures  were  allowed  to  settle  for  several 
days  and  then  2  g  of  sand  or  1  g  of  activated  carbon  were 
sp r i  n  kl  ed  si  o w I y  over  the  sed i  m en t,  fo rm i  n g  a  u n  i  for m  I  ayer 
over  the  undisturbed  sediment  approximately  2  mm  thick. 
The  mass  of  carbon  in  the  cap  was  approxi  mately  7%  of  the 
wholesedimentdry  mass.  Following  addition  ofthesorbent 
caps,  stainless  steel  mesh  baskets  containingthe  XAD  beads 
were  suspended  above  the  sediment  or  cap  and  secured  to 
keep  the  basket  in  the  correct  location.  Any  XAD  beads  that 
may  have  escaped  from  the  basket  were  removed  with  a 
Pasteur  pipet.  Beakers  werethen  covered  with  foil  and  placed 
in  a  dark  cabinet  at  room  temperature  for  35  d.  The  baskets 
were  removed,  and  a  second  set  of  XAD  in  baskets  was 
suspended  in  the  beakers  for  134d.  XAD  beads  were  extracted 
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PCB  homolog 


FIGURE  2.  PCB  concentration  by  homolog  group  for  a  composite 
sample  of  Hunters  Pointsediment.  Error  bars  represent  one  standard 
deviation  from  the  mean  of  three  replicates. 


FIGURE  3.  Aqueous  PCB  concentrations  for  1-  and  6-month  contact 
periods  with  sedimentcontaining  3.4wt%  activated  carbon.  Error 
bars  represent  one  standard  deviation  from  the  mean  of  three 
replicates. 


with  5  mL  of  1:1  mixture  of  hexane:acetone,  rotating  end 
over  end  at  approximately  2  rpm  for  24  h,  and  repeating 
twice  with  hexane.  The  combined  extracts  were  dried  by 
adding  a  few  grams  of  anhydrous  sodium  sulfate,  concen¬ 
trated  to  1  mL,  and  cleaned  and  analyzed  by  the  methods 
described  previously  (6). 

PCB  Desorption.  PCB  desorption  kinetic  studies  with 
untreated  Hunters  Point  sediment  followed  previously 
described  procedures (5).  Tenax beads (0.5 g)  and  sediment 
sample  (5  g)  wereadded  to  three  12-mL  glass  vials  containing 
10  mL  of  water  and  continuously  mixed  in  a  rotator.  Sodium 
azide  (1  g/L)  was  added  to  the  mixture  to  prevent  biological 
growth.  At  sampling  times  of  0, 1,  2,  3,  6,  14,  30,  and  66  d, 
the  Tenax  beads  were  harvested  by  allowing  the  sediment 
to  settle  and  the  beads  to  float  up,  and  then  fresh  beads  were 
added.  PCBs  were  extracted  from  the  Tenax  beads  and 
analyzed  by  GC-ECD. 

Results  and  Discussion 

Reduction  in  PCB  and  PAH  Aqueous  Equilibrium  Con¬ 
centrations  with  Activated  Carbon  Addition.  The  total  PCB 
concentration  in  composite,  intertidal  zonesedimentsamples 
was  9.9  ±  0.9  mg/kg  (6).  Figure  2  shows  the  distribution  of 
PCBs  by  homolog  group  in  Hunters  Point  sediment.  The 
dominant  PCBsin  thesedimentresembleAroclor  1260  with 
hexa-  and  heptachlorbi phenyl  homologscomprising71%of 
the  total  PCBs.  Figure  3  compares  PCB  concentrations  by 
homolog  group  in  the  aqueous  phase  at  equilibrium  with 


FIGURE  4.  PCB  desorption  rates  by  homolog  group  for  Hunters 
Point  sediment. 


untreated  sediment  and  for  sediment  treated  with  3.4% 
activated  carbon  for  1  or  6  months.  At  equilibrium  thetotal 
aqueous  concentration  of  PCBs  is  about  37  ng/L,  mainly 
tetra-,  penta-,  and  hexachlorobiphenyls.  Compared  to  sedi¬ 
ment,  the  aqueous  samples  show  a  shift  toward  lower 
molecular  weight  congeners  due  to  their  lower  hydropho- 
bicity  and  lesser  tendency  to  sorb  to  sediment. 

For  activated  carbon-treated  sediment,  thetotal  aqueous 
PCB  concentrations  decreased  by  87%  and  92%  for  contact 
times  of  1  and  6  months,  respectively.  This  is  a  substantial 
reduction  in  aqueous  PCBs  and  demonstrates  under  opti¬ 
mum  conditions  that  activated  carbon  is  a  strong  sorbent  in 
sediment.  With  mixing,  the  effect  of  adding  carbon  to 
sediment  on  PCB  aqueous  equilibrium  concentration  is 
manifested  relativelyquicklyand  isnotlostwith  time.  Similar 
to  the  results  with  PCBs,  addi  ng  activated  carbon  to  sedi  ment 
reduced  aqueous  equilibrium  total  PAH  concentrations  by 
74%  and  84%  for  1-  and  6-month  contact  periods,  respec¬ 
tively. 

The  effect  of  activated  carbon  on  lowering  aqueous 
concentrations  of  PCBs  is  greatest  for  tetra-  and  pentachlo- 
robiphenyl  homologs,  diminishing  for  hexa-  and  heptachlo- 
robiphenyls.  This  is  most  likely  due  to  the  slower  rate  of 
release  from  sediment  and  slower  rate  of  uptake  by  carbon 
for  higher  chlorinated  PCBs.  We  measured  PCB  desorption 
rates  from  Hunters  Pointsediment,  and  the  results  in  Figure 
4  are  shown  as  the  fraction  of  PCBs  desorbed  by  homolog 
group.  These  data  indicate  desorption  rate  decreases  with 
increasing  degree  of  chlorination.  Nearly  70%  of  the  tetra- 
chlorobi  phenyls  are  released  over  2  months  as  compared  to 
about  35%  of  the  heptach  I  orobi  phenyl  s.  Thi  s  trend  i  s  shown 
also  in  Figure  5  by  comparing  the  percent  reduction  in 
aqueous  phase  PCBs  by  homolog  versus  homolog  log  Kow 
values  (representative  homolog  log /Cow  values  from  Erickson; 
19).  Figures  4  and  5  are  suggestive  of  a  relation  between  the 
percent  concentration  reduction  intheaqueousphase  PCBs 
from  addition  of  activated  carbon  and  the  extent  of  release 
of  PCBs  from  the  sol  id.  The  implications  of  these  desorption 
resultsarediscussedlaterinthecontext  of  other  experimental 
results. 

Effectiveness  of  Coke  versus  Activated  Carbon  in  Re¬ 
ducing  Aqueous  Equilibrium  Concentrations.  Shown  in 
Figure  6  is  a  comparison  of  total  aqueous  equilibrium 
concentrations  of  PCBs  for  3.4%  activated  carbon-treated 
sediment  with  that  for  sediment  treated  with  two  size 
fractions  of  coke  for  applications  at  3.4%  and  8.5  wt  %  for 
1-  and  6-month  contact  periods.  Coke  has  little  or  no  effect 
on  reducing  aqueous  equilibrium  PCB  concentrations  over 
6  months,  compared  to  activated  carbon  achievi  ng  aqueous 
PCB  concentration  reductions  of  87%  and  92%  for  1-  and 
6-month  contact  periods,  respectively. 
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FIGURE  5.  Comparison  of  reduction  of  PCBs  in  the  aqueous  phase 
by  homolog  log  Km  for  sedimenttreated  w  ith  3.4%  activated  carbon 
and  contacted  for  1  and  6  months. 
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FIGURE  6.  Total  aqueous  PCB  concentration  in  untreated  and  treated 
sediment  for  contact  times  of  1  and  6  months  w  ith  3.4%  activated 
carbon  and  different  doses  and  sizes  of  coke  particles.  Error  bars 
representone  standard  deviation  from  the  mean  of  three  replicates. 
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FIGURE  7.  Total  aqueous  PAH  concentration  in  untreated  and  treated 
sediment  for  contact  times  of  1  and  6  months  w  ith  3.4%  activated 
carbon  and  different  doses  and  sizes  of  coke  particles.  Error  bars 
representone  standard  deviation  from  the  mean  of  three  replicates. 

Figure  7  shows  total  PAH  aqueous  equilibrium  concen- 
trationsfor  untreated  and  coke- treated  and  activated  carbon- 
treated  sediment  for  1-  and  6-month  contact  periods.  Coke 
reduced  aqueous  phase  PAH  s  up  to  64%  over  6  months.  The 
increased  effectiveness  of  coke  for  reducing  aqueous  PAH 
concentrations,  as  compared  to  PCBs,  is  likely  due  to  the 
stronger  sorption  oftheplanarPAH  molecules  to  coke,  which 
bears  some  structural  resemblance  to  soot.  Several  studies 
show  elevated  PAH  organiccarbon  partition  coefficients(/Coc) 
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FIGURE  8.  PCB  uptake  by  SPM  Ds  fortreated  and  untreated  sediment. 
The  data  are  expressed  as  percent  of  total  PCBs  originally  in  the 
solid  material  transferred  to  the  SPM  D.  Treatment  times  are  1  and 
6  months  with  3.4%  activated  carbon  and  different  doses  and  sizes 
ofcoke  particles.  Error  bars  representone  standard  deviation  from 
the  mean  of  three  replicates. 

in  the  presence  of  soot  (20-24).  Soot  has  been  described  as 
"particles  of  multilayered  macro-PAHs"  (22),  and  coke  is 
considered  to  consist  of  layers  of  PAH-type  molecules  (25). 
The  elevated  partition  coefficient  values  (Koc)  observed  for 
PAHsand  coplanar  PCBsin  the  presence  of  soot  have  been 
attributed  to  a  combi  nation  of  theability  of  planar  molecules 
to  lieflaton  the  surface  of  soot  particles  allowing  overlap  of 
n  bonds  and  to  a  greater  extent  of  pore  sorption  due  to  the 
ability  of  planar  molecules  to  penetrate  soot  pores  or 
interlayer  spacings  (22,  24).  Soot  has  greater  porosity  and 
specific  surface  area  as  compared  to  coke,  approximately 
8-59  m2/g  for  soot  (24)  versus  3  m2/g  for  our  coke  samples; 
the  similarity  in  structural  composition  could  explain  why 
cokereduced  PAH  aqueousconcentrationsbutdid  notaffect 
aqueous  concentrati  ons  of  PCBs.  A  total  of  94%  of  the  PCBs 
measured  in  Hunters  Point  sediment  are  noncoplanar  (i.e., 
containing  more  than  one  chlorine  atom  in  ortho  positions 
on  thebiphenyl  rings).  Wedid  notseeasignificantdifference 
in  the  behavior  of  coplanar  and  noncoplanar  PCB  congeners. 

Reduction  in  PCB  and  PAH  Uptakein  SPMDs.  Figure  8 
shows  a  comparison  of  total  PCB  uptake  in  SPMDs  for 
untreated  sediment  and  sediment  contacted  with  coke  or 
activated  carbon  for  1  or  6  months.  Activated  carbon- 
treatment  reduced  SPM  D  uptake  by  up  to  77%  and  83%  for 
PCBs  and  PAHs,  respectively.  Coke  had  little  or  no  effect  on 
SPM  D  uptake  of  PCBs  or  PAHs  (data  not  shown),  which  is 
likely  due  to  its  smaller  specific  surface  area  and  its  pore 
structure  being  lessfavorableforbindingHOCs  as  compared 
to  activated  carbon,  as  discussed  above.  The  PCB  homolog 
di  stri  buti  on  for  uptake  i  n  the  SP  M  Ds  i  s  si  mi  I  ar  to  that  for  the 
sediment  with  a  predominance  of  hexa-  and  heptachloro- 
biphenyl  homologs.  Ninety-ninepercentoftotal  PCBsin  the 
SPM  Ds  are  tetra-  to  octachlorobi phenyl  homologs.  Similar 
to  our  results  from  aqueous  equilibrium  experiments,  the 
effectiveness  of  activated  carbon  addition  in  reducing  uptake 
by  SP  M  D  s  decreased  wi  th  i  n  creasi  n  g  degree  of  PC  B  con  gen  er 
chlorination. 

Reduction  in  PCB  Flux  from  Sediment  to  Water.  The 

quiescent  flux  experiments  assessed  how  activated  carbon 
treatment  affects  PCB  flux  to  overlying  water.  The  tests 
compared  sedi ment  mixed  with  activated  carbon  for  1  month 
with  sediment  having  carbon  applied  as  a  cap.  Untreated 
sediment  and  sediment  with  a  sand  layer  on  top  were 
evaluated  as  well. TheXAD  beadsmaintain  aconstantdriving 
forceforPCBreleasefromsedimentbyprovidinganinfinite 
sink  for  PCBs  because  of  the  beads'  large  sorption  capacity 
and  overwhelming  affinity  for  HOCs. 
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FIGURE  9.  Cumulative  uptake  of  PCBs  by  XAD  beads  in  sequential 
quiescent  flux  tests  of  durations  1  and  4  months.  The  XAD  beads 
were  suspended  above  the  sediments.  Error  bars  represent  one 
standard  deviation  from  the  mean  of  three  replicates. 


Figure  9  shows  the  reduction  in  PCB  flux  for  1  month 
(53%)  and  from  1  to  5  months  (89%)  for  sediment  with 
activated  carbon  applied  as  a  top  layer,  compared  to 
untreated  sediment.  In  the  case  of  activated  carbon  mixed 
with  sediment  for  1  month,  the  PCB  flux  is  reduced  by  60% 
in  1  month  and  78%  from  1  to  5  months,  compared  to 
untreated  sediment.  The  activated  carbon  treatments  are 
much  moreeffecti  ve  than  a  comparable  mass  of  passive  sand 
cap,  which  reduced  PCB  flux  by  23%  relative  to  untreated 
sediment  over  the  interval  from  1  to  5  months.  In  systems 
with  either  a  thin  layer  of  activated  carbon  or  sand  on  top 
of  the  sediment,  both  act  as  diffusive  barriers  to  overlying 
water,  but  the  sand  lacks  the  sorption  capacity  of  carbon, 
thus  hindering  PCB  diffusion  through  it  to  a  lesser  degree. 

Comparison  of  Untreated  Sediment  Equilibrium  Par¬ 
titioning  with  Literature  Values.  Over  limited  concentration 
ranges,  th  e  parti  ti  on  i  n  g  of  H  OCs  between  sedi  men  t  an  d  water 
can  bedescribed  in  simpletermsaccordingtoasolid-water 
distribution  coefficient  (/Cd)  based  on  the  assumption  that 
the  parti  ti  on  i  ng  depends  pri  mari  I  y  upon  total  organ  i  c  carbon 
in  the  sediment  (e.g.,  ref  26): 


_ 1  —  IS  —  f  IS 

C/Xd  'oc^oc 

I M 


whereCsisthecontaminant concentration  on  sedimentsolids 
(mg/kg),Cwistheaqueous  contaminant  concentration  (mg/ 
L),  Kd  is  the  solid-water  distribution  coefficient  (L/kg),  foc 
isthefraction  of  organic  carbon  in  the  sedi  ment(-),  and/Coc 
i  s  the  organ  i  c  carbon-  normal  i  zed  parti  ti  on  coeffi  ci  ent  (L/  kg 
organic  carbon).  For  PIOCs,  Koc  is  often  correlated  with 
compound  octanol-water  partition  coefficient,  K0VJ.  Six 
expressions  for  esti  mati  ng  Koc  from  Kow  val  ues  are  shown  i  n 
Table  1  in  the  Supporting  Information  for  data  sets  that 
include  PCBs.  These  relationships  are  discussed  below  in 
the  context  of  the  aqueous  equilibrium  experiments  per¬ 
formed  as  part  of  our  study. 

/Cdand/focwerecalculatedfor  PCBsand  PAPIsin  untreated 
Plunters  Point  sediment  using  sediment  and  aqueous  equi¬ 
librium  concentrations.  Tables  2  and  3  in  the  Supporting 
I  nformati  on  show  average  val  ues  of  I  og/Cow  from  the  I  i  terature 
and  measured  values  of  log  Koc  for  PCBs  and  PAHs, 
respectively.  Values  of  log /Cow  for  PCB  homologs  in  Table  2 
(in  the  Supporting  Information)  are  representative  values 
reported  by  Erickson  (19)  from  Shiu  and  Mackay  (27).  Our 
measured  PCB  log  Koc  values  and  the  log  Koc  correlations 
presented  in  Table  3  (in  the  Supporting  Information)  are 
plotted  against  congener  or  homolog  log/Cow  values  in  Figure 
10.  For  the  most  part,  the  PCB  I  og  Koc  val  ues  measured  i  n  th  i  s 
study  are  larger  and  lie  outside  the  range  of  the  various 


log  Kow 

FIGURE  10.  Comparison  of  measured  log  Koc  values  for  PCB  homologs 
in  Hunters  Point  or  Lake  Ketelmeer  sediment  or  in  soot-  or 
charcoal -water  systems  with  correlations  proposed  by  others  for 
PCBs  and  other  hydrophobic  compounds. 


log  Kow 


FIGURE  11.  Comparison  of  measured  log  Koc  values  for  PAH 
compounds  in  Hunters  Point  sediment,  Boston  Harbor,  and  Lake 
Ketelmeer  and  in  soot-  or  charcoal-water  systems  with  correla¬ 
tions  proposed  by  others  for  PAHs  and  other  hydrophobic  compounds. 
PAHs  were  measured  atthree  sites  w  ithin  Boston  Harbor, as  reported 
by  McGroddy  and  Farrington  (20). 

correlations.  In  contrast,  log  Koc  values  reported  in  recent 
studies  with  carbon  materialssuch  as  soot  and  charcoal  (24) 
and  with  soot-containing  sediment  (28)  are  closer  to  our 
measured  values.  The  larger  log  Koc  values  observed  for 
Hunters  Point  sediment  likely  result  from  the  presence  of 
anthropogenic  black  carbon  particulate  organic  matter. 
Ghosh  etal.  (6)  showed  that  68%  of  the  PCBs  and  89%  of  the 
PAHs  are  associated  with  particulate  organic  matter  in 
sedimentatthesite,  which  comprises 6%ofthetotal  sediment 
mass.  The  agreement  of  our  log  /Coc  values  with  those  from 
other  studies  where  PCB  sorption  is  dominated  by  soot  or 
charcoal,  supports  the  concept  that,  given  sufficient  time, 
PCBs  bi  nd  prefer enti  al  I  y  to  charcoal  or  coal  -deri  ved  parti  cl  es, 
which  are  present  in  Hunters  Point  sediment. 

Comparison  of  results  in  Figure  11  shows  that  our 
measured  PAH  log Koc values areabout2ordersofmagnitude 
larger  than  log  Koc  values  predicted  from  the  correlations 
plotted  in  the  figure.  This  is  likely  due  to  strong  binding  of 
PAH sto charcoal  and  coal-derived  materialsfound  in  Hunters 
Point  sediment.  McGroddy  and  Farrington  (20)  andjonker 
and  Koelmans  (28)  measured  apparent  PAH  log  Koc  values 
for  sediment  samples  in  Boston  Harbor,  MA,  and  in  Lake 
Ketelmeer,  The  Netherlands,  respectively.  Sediment  from 
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both  studies  contained  soot,  which  plays  an  important  role 
in  PAH  sorption.JonkerandKoelmans(24)measuredsolid- 
water  distribution  coefficients  for  carbon  sorbent-water 
systems  (i.e.,  no  sediment),  and  we  calculated  log  Koc  values 
from  those  distribution  coefficients  and  normalized  their 
reported  values  by  sorbent  percent  carbon.  As  shown  in 
Figure  11,  the  similarity  between  log  /Coc  values  measured  in 
those  three  studies  (28,24,20),  wheresorption  isdominated 
by  soot  orcharcoal,andour  measu  red  I  og  Koc  val  ues  su  p  ports 
the  concept  of  the  dominance  of  strong  sorption  to  black 
carbon  particles (e.g., char,  charcoal,  coke)  in  H unters Point 
sediment. 

Comparison  of  Treated  Sediment  Equilibrium  Parti¬ 
tioning  with  Literature  Values.  Aqueous  equilibrium  con¬ 
taminant  concentrations  in  water  in  contact  with  untreated 
and  activated  carbon-treated  Hunters  Point  sediment  were 
used  as  an  indicator  of  whether  adding  carbon  sorbents 
decreases  PCB  and  PAH  release  to  the  aqueous  phase.  The 
greater  effectiveness  of  activated  carbon  is  attributed  to  a 
combination  of  its  greater  effective  surface  area  (940  vs  3 
m2/g  for  coke)  and  its  pore  size  distribution  and  structure 
that  are  favorable  for  binding  contami  nants  (24).  J  onker  and 
Koelmans  (24)  measured  sorbent-water  distribution  coef- 
fi  ci  entsfor  soot  and  soot-l  i  ke  materi  al  and  reported  activated 
carbon-water  partition  coefficients(/CAc)  rangingfrom  10816 
to  109-87  for  several  tri-  to  hexachlorobi  phenyls  in  clean  water. 
These  val  ues  were  about  3  orders  of  magnitude  greater  than 
measured  values  for  soots  and  about  1  order  of  magnitude 
greater  than  for  a  charcoal.  They  found  that  K  values  for 
added  PCBs  correlated  well  with  average  pore  diameter  for 
soot  and  soot- 1  ike  material  and  proposed  that  pore  sorption 
dominated  PCB  binding  mechanisms.  We  calculated  KAC 
values  using  homolog  sediment  PCB  concentrations  in  the 
composite  sediment  sample  (e.g.,  Cs,penta-pcB  =  878 //g/kg), 
thefraction  of  activated  carbon  in  the  sediment,  fA c  =  0.034, 
and  aqueous  homolog  PCB  concentrations  (e.g.,  Cw,Penta-pcB 
=  4.1  x  10~4/<g/L  for  6-month  contact),  obtaining  log  KAC 
values  of  7. 6-8.1  for  tetra-  through  nonachlorobiphenyls. 
Though  significantly  larger  than  PCBdistribution  coefficients 
for  amorphous  sediment  organic  carbon,  these  values  are 
smaller  than  those  reported  byjonkerand  Koelmans  (24)  for 
activated  carbon-water  systems. 

One  reason  for  finding  smaller  distribution  coefficients 
in  this  study,  compared  to  those  from  activated  carbon- 
water  systems,  is  that  only  about  40%  of  the  total  PCBs  may 
be  available  for  mass  transfer  to  carbon  due  to  kinetic 
limitations.  Another  factor  istheabundanceof  natural  organic 
matter  (NOM )  in  thesediment,  which  may  reducethefracti on 
of  activated  carbon  available  for  binding  PCBs  by  both 
competing  for  sorption  sites  and  by  blocking  entrance  to 
micropores,  where  themajority  of  sorption  capacity  islocated. 
Ebieetal.  (29)  showed  that  NOM  reduced  activated  carbon 
sorption  capacity  of  four  organic  pesticides  up  to  90%  and 
attributed  the  reduction  to  competitive  sorption  and  mi¬ 
cropore  bl  ockage  by  N  OM .  A  thi  rd  possi  bi  I  i  ty  i  s  competi  ti  on 
among  the  PCBs  and  PAHs  present  in  the  sediment.  Non¬ 
linearity  is  often  evident  with  sorption  to  activated  carbon, 
and  the  total  PCB  concentration  in  our  aqueous  systems  is 
a  p  p  roxi  m  atel  y  2  ord  ers  of  magnitude  greater  thaninjonker's 
systems.  This  could  explain  the  lower  KAC  value  from  our 
work,  relative  to  Jonker's  results  (24). 

Acomparisonofaqueousequilibrium  PCB  concentrations 
for  samples  from  1-  and  6-month  sediment- activated  carbon 
contact  periods  indicates  that  mass  transfer  limitations  are 
playing  an  important  role  for  the  higher  chlorinated  PCBs. 
Tetrachlorobiphenyls  do  not  show  a  significant  change  in 
aqueousphaseconcentration  for  sediment-activated  carbon 
contact  ti  mes  of  1  an  d  6  mon  ths.  Th  i  s  i  s  I  i  kel  y  becau  se  rel  ease 
of  tetrachlorobiphenyls  from  sediment  is  relatively  fast  as 
shown  in  Figure4,  resultingin  I  ittle  additional  mass  transfer 


after  1  month.  Nonachlorobiphenyls  show  little  change  in 
aqueous  concentrations  for  sediment-activated  carbon 
contact  timesof  lor  6  months  because  only  a  relatively  small 
amount  is  released  from  the  sediment  and  the  system  may 
befarfrom  equilibrium.  An  observabledifferencein  aqueous 
equilibrium  PCB  concentrations  for  sediment-activated 
carbon  contact  times  of  1  or  6  months  was  evident  for 
hexachlorobiphenyls.  Following  an  initial  fast  release  from 
sediment,  activated  carbon  uptake  becomes  limited  as 
hexachlorobiphenyls  diffuse  slowly  from  sediment  into 
activated  carbon  pores. 

Implicati  on  s.Theresultsfrom  this  work  demonstrate  that 
adding  activated  carbon  to  contaminated  sediments  can 
reduce  PCB  and  PAH  aqueous  equilibrium  concentrations, 
PCB  and  PAH  uptake  by  SPM  Ds,  and  diffusive  PCB  flux  to 
overlying  water.  A  companion  study  (30)  shows  that  con¬ 
tacting  H  unters  Point  sediment  with  activated  carbon  reduces 
bi  oaccu m u I ati  on  of  PC Bs  by  benth i  c  organ i  sms.  Resu I  tsfrom 
the  present  study  and  our  bioaccumulation  work  indicate 
that  application  of  activated  carbon  to  PCB-contaminated 
sediment  can  bean  effective  in-si tu  stabilization  method  to 
reduce  contaminant  availability  to  surrounding  water  and 
biota.  Further  work  is  required  to  address  issues  related  to 
the  application  of  activated  carbon  in  the  field  for  in-situ 
control  of  PAH  and  PCB  availability  in  sediments.  This 
includes  work  to  understand  the  effects  of  activated  carbon 
doseandparticlesizeandcontaminantmass-  transfer  kinetics 
with  limited  mixing.  Also,  activated  carbon  deployment  and 
particle  dynamics  under  various  hydrodynamic  conditions 
need  to  be  assessed.  Each  contaminated  sediment  site  will 
require  specific  consideration  to  find  an  appropriate  man¬ 
agement  strategy  and  treatment  method. 

Depending  on  site  conditions,  activated  carbon  could  be 
mixed  or  injected  into  sediment,  used  in  conjunction  with 
sand  or  gravel  to  hold  carbon  in  place,  or  used  as  an  "active 
cap".  For  the  case  of  Hunters  Point  sediment,  we  envision 
that  treatment  with  activated  carbon  would  involve  mixing 
of  the  carbon  into  the  upper  0.3-0.5  m  of  sediment,  which 
comprises  the  biologically  active  zone.  Hunters  Point  sedi¬ 
ment  at  South  Basin  is  cohesive,  and  the  site  is  slightly 
depositional  and  protected  from  extreme  hydrodynamic 
forces.  Activated  carbon  could  be  mixed  into  sediment  at 
low  tide  when  the  mudflat  treatment  area  isexposed.  In  this 
situation,  activated  carbon  treatment  may  bean  attractive, 
cost-effective  alternative  to  sediment  dredging  and  disposal 
and  possibly  at  other  sites  comprising  large-volume,  low- 
concentration  material  or  as  an  adjunct  to  dredging  to 
man  age  resi  d  u  al  s  after  morehighlycontamin  ated  sed  i  men  ts 
have  been  removed. 
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This  work  examines  the  effects  of  adding  coke  or  activated 
carbon  on  the  bioavailability  of  polychlorinated  biphenyls 
(PCBs)  in  contaminated  sediment  from  South  Basin  at  Hunters 
Point,  San  Francisco  Bay.  We  show  with  28-day  sediment 
exposure  tests  that  PCB  bioaccumulation  in  a  polychaete 
(Neanthes  arenaceodentata )  is  reduced  by  82%  following 
1-month  contact  of  sediment  with  activated  carbon  and 
by  87%  following  6-months  contact  of  sediment  with  activated 
carbon.  PCB  bioaccumulation  in  an  amphipod  ( Leptocheirus 
plumulosus)  is  reduced  by  70%  following  1  -month  contact 
of  sedimentwith  activated  carbon  and  by 75%  after6-months 
contact  of  sediment  with  activated  carbon.  Adding  coke 
had  a  negligible  effect  on  reducing  PCB  bioaccumulation, 
probably  because  of  the  low  specific  surface  area  and 
the  slow  kinetics  of  PCB  diffusion  into  the  solid  coke  particles. 
Reductions  in  congener  bioaccumulation  with  activated 
carbon  were  inversely  related  to  congener  K0„,  suggesting 
that  the  efficacy  of  activated  carbon  is  controlled  by  the 
mass-transfer  rate  of  PCBs  from  sediment  and  into  activated 
carbon.  We  find  that  reductions  in  aqueous  PCB 
concentrations  in  equilibrium  with  the  sediment  were 
similar  to  reductions  in  PCB  bioaccumulation.  While  no 
lethality  was  observed  following  activated  carbon  addition, 
growth  rates  were  reduced  by  activated  carbon  for  the 
polychaete,  but  not  for  the  amphipod,  suggesting  the  need 
for  further  study  of  the  potential  impacts  of  activated 
carbon  on  exposed  communities.  The  study  suggests  that 
treatment  of  the  biologically  active  layer  of  contaminated 
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sediments  with  activated  carbon  may  be  a  promising  in- 
situ  technique  for  reducing  the  bioavailability  of  sediment- 
associated  PCBs  and  other  hydrophobic  organic  compounds. 


Introduction 

Persistent  hydrophobic  organic  contaminants  released  into 
the  aqueous  environment  eventually  become  associated  with 
sediments,  where  the  contaminants  may  reside  for  long 
periods  of  time  because  of  the  combination  of  strong  sorption 
and  slow  degradation.  Consequently,  such  contaminants, 
including  polychlorinated  biphenyls  (PCBs),  remain  in 
riverine  and  coastal  sediments  of  the  United  States  despite 
bans  or  restrictions  on  their  use  (1).  Currently,  the  most 
commonly  used  management  options  for  PCB-contaminated 
sediments  are  removal  by  dredging  or  in-situ  capping  (2). 

Recent  work  demonstrates  the  important  role  of  lighter 
density,  black  carbonaceous  particles  in  sediments  such  as 
soot  carbon,  coal,  coke,  and  charcoal  in  reducing  contaminant 
aqueous  availability  and  bioavailability.  For  example,  Jonker 
and  Koelmans  (3)  found  that  soot  and  sootlike  materials  have 
very  high  affinities  for  polycyclic  aromatic  hydrocarbon 
(PAHs)  and  PCBs  and  that  the  presence  of  these  materials 
can  lower  aqueous  concentrations  of  the  contaminants, 
implying  a  reduction  in  the  potential  uptake  by  aquatic 
organisms.  Several  other  studies  have  similarly  demonstrated 
the  role  of  so-called  black  carbonaceous  particles  in  reducing 
contaminant  aqueous  availability  [4—8).  In  our  earlier  work 
(9,  10),  we  demonstrate  that  PAHs  associated  with  coal- 
derived  particles  are  much  less  available  for  biological  uptake. 
These  findings  suggest  that  the  presence  of  black  carbon¬ 
aceous  particles  in  sediments  naturally  reduces  contaminant 
availability.  McLeod  et  al.  (11)  showed  in  clam  particle  feeding 
studies  that  the  absorption  efficiency  for  a  tetrachloro-PCB 
was  only  1 —2%  via  ingestion  if  the  PCB  was  sorbed  to  activated 
carbon,  compared  to  about  90%  for  PCBs  sorbed  to  diatoms. 

Building  on  these  recent  findings,  we  propose  a  novel 
in-situ  remediation  technique  to  reduce  PCB  bioavailability 
by  repartitioning  PCBs  onto  black  carbon  sorbents  that  are 
mixed  into  the  sediment’s  biologically  active  layer  to  enhance 
the  natural  process  of  contaminant  stabilization.  Microporous 
black  carbon  particles  have  high  affinities  for  hydrophobic 
organic  contaminants  (HOCs),  as  well  as  high  sorption 
capacities  and  slow  release  rates  (9,  12-14),  making  them 
promising  candidates  as  sorbents  for  sediment  remediation. 
Activated  carbon  is  particularly  suitable,  given  its  sorption 
capacity  for  HOCs,  accessible  microporous  structure,  and 
high  specific  surface  area,  commonly  about  1000  m2/g.  The 
surface  of  activated  carbon  particles  is  characterized  by  sites 
with  a  variety  of  potential  adsorptive  interactions,  and  this 
heterogeneity  in  surface  character,  and  the  resulting  diversity 
in  potential  interaction  mechanisms,  makes  activated  carbon 
suitable  as  a  sorbent  for  a  broad  spectrum  of  HOCs  (15, 16). 

In  related  work,  we  demonstrated  that  adding  activated 
carbon  to  PCB-contaminated  sediment  from  Hunters  Point 
Naval  Shipyard,  San  Francisco,  CA,  decreased  PAH  and  PCB 
aqueous  equilibrium  concentrations,  PAH  and  PCB  uptake 
by  semipermeable  membrane  devices  (SPMD) ,  and  diffusive 
flux  of  PCBs  from  sediment  into  overlying  water  (17).  This 
paper  addresses  the  effects  of  addition  of  either  coke  or 
activated  carbon  to  sediment  on  PCB  bioaccumulation  by 
two  benthic  species,  with  different  feeding  strategies  and 
hence  different  exposure  characteristics:  the  particle-brows¬ 
ing  amphipod  Leptocheirus  plumulosus  and  the  bulk- 
sediment  ingesting  polychaete  Neanthes  arenaceodentata. 
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This  study  also  addresses  the  effects  of  these  sorbents  on  the 
survival,  growth,  and  reproduction  of  L.  plumulosus  and  the 
survival  and  growth  of  N.  arenaceodentata. 

Experimental  Methods 

Sediment- Sorbent  Contact.  Field  sediment  collection  and 
handling  are  described  in  Zimmerman  et  al.  (17).  Briefly, 
intertidal  sediment  was  collected  from  South  Basin  at  Hunters 
Point,  San  Francisco  Bay,  CA,  and  sieved  to  remove  particles 
>4  mm.  Sediment  was  amended  with  either  coke  or  activated 
carbon,  and  separate  batches  were  mixed  for  either  1  or  6 
months  at  approximately  3  rpm  on  a  roller.  Activated  carbon 
was  75—300  /im  type  TOG  (Calgon  Corp.,  Pittsburgh,  PA) 
dosed  at  3.4%  dry  weight.  Coke  was  obtained  as  coke  breeze 
(Ispat  Inland,  East  Chicago,  IL)  and  dosed  in  two  size  ranges 
(fine,  63—105  pm,  and  coarse,  105—250  /im)  and  at  two 
concentrations  (3.4%  or  8.5%  dry  weight).  However,  since 
neither  the  physicochemical  tests  (1 7)  nor  the  bioaccumu¬ 
lation  tests  (present  study)  revealed  significant  differences 
in  coke  efficacy  because  of  either  dose,  particle  size,  or  contact 
time,  only  the  results  from  the  coarse  3.4%  coke  treatments 
are  presented  here.  The  same  activated  carbon-  or  coke- 
amended  sediment,  and  nonamended  sediment,  were  used 
in  both  physicochemical  tests  ( 1 7)  and  biological  tests  (this 
paper). 

PCB  Bioaccumulation  and  Carbon  Sorbent  Toxicity. 

Both  bioaccumulation  and  biological  effects  of  the  adsorbent 
amendment  were  studied  using  modified  28-day  sediment 
toxicity  protocols  for  N.  arenaceodentata  [18,  19)  and  L. 
plumulosus  [19,  20).  Twenty-five  2-day-old  L.  plumulosus 
were  placed  in  1-L  beakers  containing  sediment  (100  g  dry 
weight)  and  c.  725  mL  of  20%o  artificial  seawater  (Forty 
Fathoms  Crystal  Sea,  Marine  Enterprises  International, 
Baltimore,  MD).  Overlying  water  was  aerated  gently  and 
exchanged  three  times  each  week.  Leptocheirus  plumulosus 
were  fed  Tetramin  (Tetra  Holdings,  Blacksburg,  VA,  12  mg 
per  replicate)  after  each  water  exchange.  In  tests  with  N. 
arenaceodentata,  10  2-week-old  worms  were  placed  in  1-L 
beakers  containing  sediment  (100  g  dry  weight)  and  c.  725 
mL  of  30%o  artificial  seawater  (Instant  Ocean,  Aquarium 
Systems,  Mentor,  OH).  Neanthes  arenaceodentata  were  fed 
twice  a  week  (12  mg  per  replicate)  after  each  water  exchange. 
After  a  28-day  exposure,  L.  plumulosus  were  removed  from 
the  sediment  and  allowed  to  clear  gut  contents  for  2—4  h. 
Neanthes  arenaceodentata  were  depurated  for  12  h  in  30%o 
artificial  seawater,  after  which  any  remaining  ingested 
sediment  was  removed  by  applying  gentle  rearward  pressure 
along  the  digestive  tract.  Tissues  were  stored  at  —80  °C  prior 
to  PCB  measurement.  Tissue  PCB  concentrations  were 
normalized  by  lipid  content  to  aid  comparison  of  bioaccu¬ 
mulation  by  species.  To  address  the  effects  of  congener 
chlorination  on  activated  carbon  effectiveness,  PCB  conge¬ 
ners  were  summed  by  homologue  group,  and  percentage 
reductions  in  bioaccumulation  by  homologue  were  inves¬ 
tigated  for  each  group,  using  average  homologue  kT0W  values 
from  Erikson  [21). 

Potential  effects  of  coke  and  activated  carbon  amend¬ 
ments  on  the  organisms  were  assessed  by  comparison  of  the 
survival,  growth  rate,  and  lipid  content  of  both  N.  arena¬ 
ceodentata  and  L.  plumulosus,  and  juvenile  production  in  L. 
plumulosus,  in  untreated  sediment  and  sediment  with  either 
3.4%  coke  or  3.4%  activated  carbon  additions  after  1-month 
contact  time.  At  the  termination  of  the  exposure,  animals 
were  removed  from  test  sediments  by  gentle  sieving  and  the 
survival  and  wet  weight  were  recorded,  L.  plumulosus  juvenile 
abundances  were  noted,  and  the  tissues  were  analyzed  for 
lipid  content  (see  below). 

Digestive  Fluid  Extracts.  We  assessed  the  ability  of 
activated  carbon  to  reduce  PCB  bioavailability  from  ingested 
sediment  by  measuring  PCB  concentrations  extracted  from 


TABLE  1.  List  of  31  Selected  PCB  Congeners  Used  to 
Calculate  Total  PCBs  in  Tissues 


congener 

IUPAC  # 

congener 

IUPAC# 

2, 2', 4,5' 

49 

2,2',3,3',4,5',6 

175 

2, 2', 3,4, 4' 

85 

2,2',3,3',4,6,6' 

176 

2,2',3,5',6 

95 

2,2',3,3',4,5',6' 

177 

2,2',4,4',5 

99 

2,2',3,3',5,5',6 

178 

2,3,3',4',6 

110 

2,2',3,4,4',5,5' 

180 

2,3',4,4',5 

118 

2,2',3,4,4',5,6 

183 

2,2',3,3',4,4' 

128 

2,2',3,4,5,5',6 

185 

2,2',3,3',4,5' 

130 

2,3,3', 4', 5, 5', 6 

193 

2,2',3,3',6,6' 

136 

2,2', 3, 3', 4, 4', 5,5' 

194 

2,2',3,4,4',5' 

138 

2,2', 3, 3', 4, 4', 5,6 

195 

2,2',3,4',5,5' 

146 

2,2',3,3',4,4',5,6' 

196 

2,2',3,4',5',6 

149 

2,2',3,3',4,5,5',6' 

201 

2,2',3,5,5',6 

151 

2,2',3,4,4',5,5',6 

203 

2,2',3,3',4,4',5 

170 

2,2', 3, 3', 4, 4', 5,5', 6 

206 

2,2',3,3',4,5,5' 

172 

2,2',3,3',4,5,5',6,6' 

208 

2,2',3,3',4,5,6' 

174 

amended  and  nonamended  sediment  by  a  polychaete 
digestive  fluid,  using  methods  based  on  those  of  ref  22. 
Digestive  fluids  were  taken  from  the  deposit-feeding  poly¬ 
chaete  Arenicola  brasiliensis  collected  near  San  Francisco  in 
May  2001  and  stored  at  -80  °C  until  use.  Whereas  digestive 
fluids  from  N.  arenaceodentata  might  have  been  preferable, 
the  small  size  of  this  species  and  the  large  digestive  fluid 
requirements  precluded  their  use.  Digestive  fluid  was  mixed 
with  either  wet  sediment  or  wet-activated  carbon-amended 
sediment  (1.2  mL  digestive  fluid  to  0.6  g  sediment  on  a  dry 
weight  basis)  in  precleaned  screw-capped  glass  centrifuge 
tubes.  Mixtures  were  vortexed  for  30  s  before  placement  in 
a  culture-tube  rotator  for  3  h,  with  additional  vortexing  every 
hour.  We  used  3-h  extractions  as  an  estimate  of  gut  passage 
time  for  the  subadult  N.  arenaceodentata  used  in  these 
experiments,  interpolated  from  gut  passage  time  data  for 
juvenile  (0.5- 1  h)  and  adult  (>5  h)  Nereis succinea  [23).  After 
vortexing,  tubes  were  then  removed  and  centrifuged  at  4000 
rpm  for  10  min.  After  centrifugation,  1  mL  of  supernatant 
was  removed  and  frozen  at  —80  °C  until  analysis.  Three 
replicates  were  analyzed  per  sediment,  together  with  one 
method  blank  (digestive  fluid  with  no  sediment). 

PCB  Analyses.  PCB  concentrations  in  tissues  and  digestive 
fluids  were  analyzed  using  standard  EPA  methods  adapted 
to  use  smaller  (about  100  mg)  wet  weights  of  tissue.  Tissue 
and  digestive  fluid  samples  were  sonicated  using  EPA  method 
3550B  with  the  following  modifications:  solutes  were  ex¬ 
tracted  using  a  single  volume  of  10-mL  hexane  and  sonicated 
at  50%  pulse  for  6  min  using  a  microtip  probe.  Samples  were 
cleaned  and  concentrated  using  methods  based  upon  EPA 
3630C  with  the  exception  that  extracts  were  reduced  to  40 
«L.  PCB  congeners  were  analyzed  using  EPA  8270  and 
selective-ion  monitoring  on  a  Hewlett-Packard  5890  series 
II  gas  chromatograph-mass  spectrophotometer  (GC— MS) 
with  detection  limit  <0.25  /<g/kg  wet  weight.  PCB  concentra¬ 
tions  in  sediments  were  analyzed  using  standard  method 
EPA  8270.  PCB  concentrations  in  the  water  phase  were 
analyzed  as  described  by  Zimmerman  et  al.  [1 7)  with  14-day 
equilibration  followed  by  colloid  removal  and  hexane 
extraction. 

Total  sediment  and  tissue  PCB  concentrations  refer  to 
the  sum  of  3 1  selected  congeners  listed  in  Table  1 .  Congeners 
were  chosen  on  the  basis  of  occurrence  in  both  tissue  and 
sediment  samples  at  concentrations  above  method  detection 
limits,  and  on  reproducible  absence  of  peak  coelution. 
Chosen  congeners  range  from  the  tetra-  through  nonachloro- 
biphenyls.  Mono-  through  tri-chloro-biphenyls  constituted 
a  very  small  fraction  of  total  PCBs  in  the  sediment  (<1%). 

Tissue  Lipid  Analyses.  Lipid  was  measured  using  a 
spectrophotometric  assay  method  modified  from  van  Handel 
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(24).  Tissue  samples  (whole  animals)  were  homogenized  in 
0.5  mL  chloroform:methanol  (1:1,  v/v),  and  the  solvent  was 
evaporated.  Concentrated  sulfuric  acid  (0.2  mL)  was  added, 
and  the  tubes  were  incubated  at  100  °C  for  10  min.  After 
cooling,  samples  were  vortexed  with  4.8  mL  of  vanillin  reagent 
(600  mg  vanillin  (Sigma)  dissolved  in  100  mL  hot  deionized 
water  and  400  mL  of  85%  phosphoric  acid  (Sigma)).  After  5 
min,  color  intensity  was  analyzed  by  spectrophotometer  at 
490  nm  against  a  reagent  blank.  Lipid  content  was  derived 
by  comparison  with  a  soybean  oil  (Sigma)  standard  curve. 

Digestive  Fluid  Surfactancy  and  Enzyme  Activity.  The 
effects  of  activated  carbon  on  digestive  fluid  surfactancy  and 
enzyme  activity  were  measured  using  digestive  fluids  col¬ 
lected  from  the  benthic  deposit-feeding  polychaete  Arenicola 
brasiliensis.  The  digestive  fluid  used  was  a  composite  of 
archived  material  collected  using  the  methods  of  ref  25  and 
stored  at  —80  °C.  Hunters  Point  sediment  and  a  laboratory 
reference  sediment  from  Sequim  Bay,  WA,  were  freeze-dried 
and  sieved  to  remove  coarse  (>500  /;m)  particles.  Dried 
sediments  were  either  nonamended  or  amended  with  3.4% 
activated  carbon.  Sediments  were  then  added  to  digestive 
fluids  (100  mg  dry  weight  sediment  to  600  fiL  digestive  fluid), 
shaken  for  1  h,  and  centrifuged  at  5000  rpm  for  10  min. 
Supernatant  was  then  removed  for  analyses  of  surfactancy 
and  enzyme  activity. 

Digestive  fluid  surfactancy  was  assessed  by  measuring 
the  static  contact  angle  between  a  1 0-p.L  droplet  of  digestive 
fluid  and  a  hydrophobic  surface  (Parafilm)  (26).  Droplets 
were  placed  on  Parafilm  and  the  side  view  image  of  the  droplet 
was  entered  into  an  image  analyzer.  The  tangent  was  drawn 
at  the  droplet— Parafilm  intersection,  and  the  angle  between 
this  tangent  and  the  base  of  the  droplet  was  determined. 
Surfactant  activity  and  micelle  stability  were  investigated  over 
a  dilution  series  by  measuring  digestive  fluid  contact  angles 
over  a  range  of  artificial  seawater  dilutions. 

Effects  of  activated  carbon  on  digestive  fluid  protease, 
lipase,  a-glucosidase,  and  /1-glucosidase  enzyme  activities 
were  measured  using  substrate  monomers  attached  to 
fluorophores  via  the  appropriate  bond  linkage,  such  that 
enzyme  activity  might  be  inferred  by  rate  of  increase  in 
fluorescence.  For  protease  activities,  alanine  attached  via 
peptide  bond  to  methylcoumarinyl  amide  (MCA,  Sigma- 
Aldrich,  St.  Louis,  MO)  was  used;  for  lipase  activities,  palmitate 
esterified  to  methylumbelliferone  (MUF,  Sigma-Aldrich,  St. 
Louis,  MO)  was  used;  and  for  a-  and/?-glucosidase  activities, 
glucose  attached  by  either  a-  or /Lglucosidase  bonds  to  MUF 
(Sigma-Aldrich,  St.  Louis,  MO)  was  used.  Methods  were 
similar  to  those  used  in  ref  26.  For  each  enzyme  analysis,  250 
fi L  digestive  fluid  supernatant  was  diluted  to  25  mL  with 
0.1M  pH  8  phosphate  buffer,  and  1  mL  was  placed  in  a 
fluorescence  cuvette;  0.1  mL  of  tagged  enzyme  substrate  (two 
replicates  per  enzyme)  was  added,  vortexed,  and  the  ensuing 
hydrolysis  reaction  was  monitored  by  measuring  the  fluo¬ 
rescence  (excitation  wavelength  Ar;x  =  355  nm,  emission 
wavelength  Aem  =  440  nm)  of  the  free  MCA  or  MUF  as  it  was 
cleaved  from  the  conjugate.  Slopes  of  the  plots  of  fluorophore 
release  over  time  were  converted  to  molar  hydrolysis  rates 
after  correcting  for  fluorescence  quenching  by  measuring 
the  fluorescence  of  1  /zM  solutions  of  unbound  MCA  or  MUF 
(Sigma-Aldrich,  St.  Louis,  MO)  in  the  same  diluted  solutions. 

Statistics.  Lipid-normalized  tissue  concentrations  and 
biological  responses  were  compared  using  either  one-way 
analysis  of  variance  (ANOVA,  for  comparison  of  variables 
from  both  coarse  and  fine  coke  treatments  with  nonamended 
sediment)  or  Student’s  T  test  (for  all  pairwise  comparisons 
of  tissue  concentrations  between  both  activated  carbon- 
amended  and  nonamended  sediment  exposures  and  between 
1-  and  6-month  contact  times).  Digestive  fluid  enzyme 
activities  were  compared  using  nonparametric  ANOVA  on 
ranks,  because  of  heteroscedacity.  Null  hypotheses  were 


FIGURE  1.  Effect  of  3.4%  dry  weight  activated  carbon  addition  on 
lipid-normalized  PCB  tissue  burdens  (fig  PCB/g  lipid)  after  (a) 
1  -month  contact  time  and  (b)  6-months  contact  time.  Tissue  burdens 
represent  the  sum  of  31  selected  congeners  listed  in  Table  1. 

rejected  at  the  level  P  <  0.05.  All  statistical  analyses  were 
performed  using  SigmaStat  3.0  (SPSS  Inc,  Chicago,  IL). 

Results  and  Discussion 

Effect  of  Coke  and  Activated  Carbon  on  PCB  Bioavailability 
in  Sediments.  The  addition  of  identical  proportions  of  coke 
and  activated  carbon  resulted  in  very  different  effects  on 
PCB  bioaccumulation.  Addition  of  3.4%  coke  had  no  sig¬ 
nificant  effect  ( P  >  0.05)  on  PCB  bioaccumulation  in  either 
L.  plumulosus  or  N.  arenaceodentata  (Supplemental  Figure 
SI).  Additional  data  (not  presented)  showed  that  the  low 
efficacy  of  coke  was  not  improved  by  increasing  dosage  (from 
3.4  to  8.5%)  or  increasing  contact  time  (from  1  to  6  months) 
or  decreasing  particle  size  range  (from  105  to  250  /im  to  63- 
105  jiim).  Similarly,  the  previous  physicochemical  studies 
demonstrated  little  or  no  effect  of  these  coke  treatments  on 
aqueous  PCB  concentrations  (17). 

Activated  carbon  reduced  PCB  bioaccumulation  following 
1-month  contact  time  with  sediment  by  70%  in  L.  plumulosus 
(P  =  0.003)  and  82%  in  N.  arenaceodentata  (P  <  0.001) 
compared  to  nonamended  sediment  as  shown  in  Figure  la. 
These  decreases  in  PCB  bioaccumulation  are  of  similar 
magnitude  to  the  decreases  observed  in  aqueous-phase  PCBs 
(87%,  Supplemental  Figure  S2a).  These  decreases  are  also 
similar  to  reductions  in  uptake  by  SPMD  (up  to  83%)  and  in 
the  diffusive  flux  from  sediment  (up  to  89%),  using  the  same 
activated  carbon-amended  Hunters  Point  sediment  (17).  The 
effects  of  activated  carbon  on  A.  brasiliensis  digestive  fluid 
solubilization  of  PCBs  were  less  conclusive,  with  a  statistically 
insignificant  36%  decrease  in  total  PCB  solubilization  in  the 
treated  sediment  (Supplemental  Figure  S2b).  Because  in¬ 
gested  material  can  be  the  primary  source  for  the  bioaccu¬ 
mulation  of  highly  hydrophobic  contaminants  by  deposit 
feeders  (27),  we  might  expect  that  activated  carbon  would 
decrease  both  digestive-fluid  PCB  solubilization  and  bio¬ 
accumulation  by  similar  magnitudes.  Since  this  was  not  the 
case,  the  digestive-fluid  solubilization  method  used  in  this 
study  was  not  a  good  analogue  of  biological  exposure.  From 
Figures  la  and  S2  we  conclude  that  activated  carbon  reduces 
PCB  bioaccumulation  through  reduced  exposure  via  the 
aqueous,  and  possibly  the  ingested  sediment,  uptake  routes. 
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(a)  L.  plumulosus 


(c)  Pore  water 


(b)  N.  arenaceodentata 


(d)  Digestive  fluids 
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FIGURE  2.  Percent  reduction  in  PCB  homologues  in  activated  carbon-amended  sediment  compared  to  unamended  sediment  in  (a)  the 
amphipod  L.  plumulosus,  (b)  the  polychaete  N.  arenaceodentata,  (c)  pore  water,  and  (d)  polychaete  digestive  fluid  extracts.  Closed  circles 
represent  1-month  contact  time,  open  circles  represent  6-months  contact  time.  Homologue  log  K0„  values;  tri  =  5.5,  tetra  =  5.9,  penta 
=  6.3,  hexa  =  6.7,  hepta  =  7.1,  octa  =  7.5,  nona  =  7.9  (from  ref  21). 


The  greater  effectiveness  of  activated  carbon  compared 
to  coke  likely  results  from  its  higher  affinity  for  hydrophobic 
organic  contaminants  and  interconnected  micropores  that 
yield  a  higher  specific  surface  area  per  unit  mass  compared 
to  coke  particles.  Jonkers  and  Koelmans  (28)  reported  nearly 
2  orders  of  magnitude  higher  Koc  values  for  PCB  adsorption 
on  activated  carbon  versus  coke.  The  specific  surface  area 
of  coke  used  in  our  work  was  3.2  m2/g  compared  to  938  m2/g 
for  the  activated  carbon.  Coke  is  somewhat  porous,  but  the 
pores  are  largely  unconnected  voids,  thus  limiting  PCB  uptake 
due  to  small  available  specific  surface  area  and  extremely 
slow  diffusion  through  solid  coke  material. 

Increasing  sediment— carbon  contact  time  to  6  months 
resulted  in  additional,  although  not  statistically  significant, 
improvements  in  activated  carbon  effectiveness  as  shown  in 
Figure  lb,  with  further  reductions  of  total  PCB  content  in  L. 
plumulosus  from  70%  to  75%  and  in IV.  arenaceodentata  from 
82%  to  87%.  In  Zimmerman  et  al.  (7  7),  we  observed  similar 
incremental  improvements  in  decreasing  equilibrium  aque¬ 
ous  PCB  concentrations  from  87  to  92%  after  increasing 
sediment— carbon  contact  time  from  1  to  6  months.  We 
conclude  under  these  laboratory-mixing  conditions  that  the 
benefit  of  activated  carbon  is  manifested  relatively  quickly 
and  that  the  benefit  in  reducing  either  bioaccumulation  or 
aqueous  concentration  is  not  lost  after  an  additional  5  months 
of  mixing. 

PCB  tissue  concentrations  were  consistently  lower  in  N. 
arenaceodentata  than  in  L.  plumulosus  (Figure  1).  The 
difference  in  tissue  PCB  concentrations  between  the  two 
organisms  may  reflect  dissimilarities  in  net  rates  of  bio- 
accumulation,  which  might  be  explained  by  the  6-fold 
difference  in  the  wet  weight  between  the  two  species. 
Landrum  et  al.  (29)  demonstrated  that  a  higher  organism 
mass  (and  by  inference  higher  volume  and  lower  surface- 
area-to-volume  ratio)  resulted  in  lower  aqueous  uptake  rates, 
presumably  because  of  slower  movement  of  hydrophobic 
contaminants  to  the  lipid  phase. 

Relationship  between  Congener  Kovl  and  Activated 
Carbon  Effectiveness.  To  address  the  effects  of  congener 


chlorination  on  activated  carbon  effectiveness,  PCB  conge¬ 
ners  were  summed  by  homologue  group  and  percentage 
reductions  in  bioaccumulation  were  investigated  for  each 
group,  using  homologue  Kow  values  from  Erikson  {21). 
Reductions  in  PCB  bioaccumulation,  PCB  aqueous  concen¬ 
trations,  and  digestive-fluid  extractions  for  activated  carbon- 
treated  sediment  were  inversely  related  to  congener  log  Km, 
as  shown  in  Figure  2.  This  is  due  to  several  factors  including 
the  greater  mass-transfer  resistance  from  sediment  and  the 
slower  uptake  in  activated  carbon  for  higher  Kow  congeners. 
Evidence  for  desorption  resistance  is  demonstrated  in 
Zimmerman  et  al.  {17),  in  which  higher  Kov,  congeners  show 
slower  release  rates  and  a  lower  fast  desorbable  fraction 
compared  to  congeners  with  lower  Ka w  values.  Under  this 
scenario,  a  higher  proportion  of  lower  Kov,  congeners  would 
be  available  for  passage  to  the  strongly  sorbing  activated 
carbon  particles  and  hence  become  less  bioavailable  to 
organisms.  Higher  _RT0W  congeners  would  be  more  prone  to 
retention  in  the  original  sediment  and  hence  maintain  a 
bioavailability  similar  to  that  in  the  nonamended  sediment. 
Further,  the  rate  of  internal  transport  of  higher  chlorinated 
PCB  congeners  in  the  activated  carbon  is  slower  because  of 
chemisorption  interaction  with  the  carbon  surface  (30)  and 
sorption-retarded  diffusion. 

Contacting  activated  carbon  with  the  sediment  for  6 
months  reduced  the  bioavailability  of  PCB  congeners  with 
log  Kow  <  7  by  more  than  75%.  The  bioavailability  of  PCB 
congeners  with  a  log  K0 w  >  7  may  be  reduced  to  a  similar 
extent  over  longer  time  periods.  Inferences  about  desorption 
resistance  and  bioavailability  have  been  made  in  other 
studies.  In  a  study  on  PAH  bioaccumulation  in  a  sediment¬ 
feeding  oligochaete  {llyodrilus  templetoni) ,  Lu  et  al.  {31)  found 
that  the  prior  extraction  of  a  more  easily  desorbed  fraction 
of  phenanthrene  from  contaminated  sediments  using  2-pro- 
panol  reduced  subsequent  bioaccumulation  by  50%.  They 
found  for  benzo[a]  pyrene,  which  has  a  high  log  K„k  value, 
that  the  prior  extraction  method  did  not  change  bioaccu¬ 
mulation  significantly.  Kraaij  et  al.  (32)  also  found  that 
laboratory-spiked  sediment  treated  with  Tenax  adsorbent 


VOL.  39,  NO.  8,  2005  /  ENVIRONMENTAL  SCIENCE  &  TECHNOLOGY  ■  2883 


resin  for  48  h  removed  greater  fractions  of  the  lower  K0 „ 
PAHs  and  PCBs  compared  to  the  higher  K0 w  compounds. 
They  also  found  that  the  treatment  with  Tenax  resulted  in 
a  greater  reduction  in  PCB  and  PAH  bioaccumulation  for  the 
lower  K0„  compounds  compared  to  the  higher  K0„  com¬ 
pounds. 

Effect  of  Activated  Carbon  on  Biota-Sediment  Ac¬ 
cumulation  Factors.  The  bioaccumulation  potential  of 
sediment-associated  organic  contaminants  can  be  described 
using  the  biota-sediment  accumulation  factor  (BSAF)  (33): 

BSAF  =  (!) 

^sed'  Joe 

where  Corg  =  individual  congener  or  sum  of  31  congeners  in 
organism  (pg  kg-1  wet  weight  tissue) ;  yiipid  =  lipid  content  of 
organism  (percent  wet  weight  tissue);  Csed  =  individual 
congener  or  sum  of  31  congeners  in  sediment  (/<g  kg-1  dry 
weight  sediment);  and/oc  =  total  organic  carbon  content  of 
sediment  (percent  dry  weight  sediment). 

Although  a  sediment-organism  equilibrium  state  may  not 
be  reached  in  a  short  exposure  test  for  many  organisms, 
BSAF  values  for  about  a  month  exposure  are  widely  published 
for  various  organisms  and  sediments  and  provide  a  mech¬ 
anism  for  comparison  of  results  across  different  studies. 
Ranges  of  BSAF  (sum  of  31  congeners)  from  exposure  to 
unamended  Hunters  Point  sediment  were  0.87  to  0.88 
CL.  plumulosus')  and  0.19  to  0.24  (N.  arenaceodentata) 
(Supplemental  Table  SI).  Ankley  et  al.  (34)  presented  BSAF 
values  for  total  PCBs  of  0.87  derived  from  field-collected 
oligochaetes  and  0.84  from  oligochaetes  exposed  to  the  field 
sediment  for  30  d  in  the  laboratory,  which  are  similar  to  our 
BSAF  values  for  L.  plumulosus.  Calculation  of  BSAF  for 
selected  congeners  using  28-d  exposures  to  Hunters  Point 
sediment  revealed,  for  both  species,  an  inverse  relationship 
between  BSAF  and  compound  Kow  (Supplemental  Figure  S3) , 
in  agreement  with  field  data  for  high  LT0W  PCB  congeners 
(34).  Kraaij  et  al.  (35)  observed  tubifex  worm  BSAF  values 
(for21-34  days  exposure)  in  the  rangeof  1—4  for  laboratory- 
contaminated  sediments  for  four  PCBs  and  seven  PAHs.  The 
BSAF  for  individual  PCBs  in  this  study  are  generally  lower 
than  those  reported  by  Kraaij  et  al.  (35).  A  possible  reason 
could  be  the  predominance  of  carbonaceous  particles  such 
as  charcoal  in  Hunters  Point  sediment  (10)  that  reduces  the 
bioavailability  due  to  stronger  binding  of  the  PCBs  compared 
to  natural  organic  carbons. 

For  coke-amended  sediments,  the  BSAF  increased  com¬ 
pared  to  the  untreated  sediments  from  0.88  to  1.89  for  L. 
plumulosus  and  from  0.24  to  0.57  for  N.  arenaceodentata. 
These  trends  reflect  the  increase  in /oc  by  approximately  2.6 
times  for  the  coke  treatments,  without  a  significant  reduction 
in  28-d  PCB  bioaccumulation.  For  activated  carbon-amended 
sediments,  the  BSAF  decreased  compared  to  the  unamended 
sediments,  from  0.87  to  0.68  for  L.  plumulosus  and  from  0.19 
to  0.09  for  N.  arenaceodentata.  Thus,  the  added  activated 
carbon  acts  as  a  stronger  sorbent  than  the  native  sediment 
organic  carbon.  Although  tissue  PCB  concentrations  in  both 
organisms  decreased  by  greater  than  70%  after  treatment 
with  activated  carbon,  the  BSAF  did  not  change  to  the  same 
extent  because  the  fraction  of  organic  carbon  in  sediments 
also  increased.  These  results  indicate  that  BSAFs  are  affected 
by  the  nature  of  organic  carbon  responsible  for  contaminant 
binding,  at  least  over  the  exposure  periods  used  in  this  study. 
Introduction  of  activated  carbon  into  the  sediment  changes 
the  PCB  partitioning  behavior  by  out  competing  the  parti¬ 
tioning  among  the  sediment  organic  carbon  and  the  aqueous 
and  organism  lipid  phases. 

Effect  of  Activated  Carbon  on  PCB  Bioconcentration 
Factors.  The  bioaccumulation  of  hydrophobic  organic 
compounds  from  sediments  has  been  described  as  a  two- 


TABLE  2.  List  of  14  Congeners  Used  to  Calculate  the  Sum  of 
PCBs  in  Digestive  Fluid  Extracts  and  the  Aqueous  Phase  and 
Bioaccumufation  Factors 


congener 

IUPAC  # 

congener 

IUPAC# 

2,2',4,4',5 

99 

2,2',3,3',4,5,6' 

174 

2, 2', 4, 5,5' 

101 

2,2',3,3',4,5',6' 

177 

2,3',4,4',5 

118 

2,2',3,4,4',5,5' 

180 

2,2',3,3',6,6' 

136 

2,2',3,4,4',5,6 

183 

2,2',3,4',5,5' 

146 

2,2',3,3',4,4',5,5' 

194 

2,2',3,5,5',6 

151 

2,2',3,3',4,5,5',6' 

201 

2,2',3,3',4,5,5' 

172 

2,2',3,3',4,4',5,5',6 

206 

stage  process,  whereby  organics  partition  from  the  sediment 
into  either  the  aqueous  phase  or  digestive  fluid  and  are  then 
available  for  partitioning  from  these  solubilized  phases  into 
the  lipid  fraction  of  organisms  (31).  Kraaij  et  al.  (35)  showed 
that  the  bioaccumulation  potential  might  be  derived  using 
pore  water  concentrations  and  associated  bioconcentration 
factors  (BCF)  alone.  Therefore,  we  investigated  the  degree  to 
which  the  observed  decreases  in  PCB  bioaccumulation  in 
the  activated  carbon-amended  sediments  might  be  explained 
by  decreases  in  PCB  concentrations  in  the  aqueous  phase. 
We  calculated  BCFs  for  both  N.  arenaceodentata  and  L. 
plumulosus,  using  the  sum  of  14  PCB  congeners  (listed  in 
Table  2)  in  organism  tissues  (Corg)  and  in  aqueous  phase 
(Caq)  presented  in  Zimmerman  et  al.  (1 7)  for  untreated  and 
treated  sediment.  BCFs  were  calculated  using 

BCF  =  Corg/Caq  (2) 

where  Caq  =  individual  congener  or  sum  of  14  selected  PCB 
congeners  in  water  at  equilibrium  (pig  L_1). 

Figure  3  presents  aqueous  BCFs  (L/kg)  for  the  two 
organisms  with  the  untreated  and  activated  carbon-treated 
Hunters  Point  sediment  (data  for  Figure  3  shown  in  supple¬ 
mental  Table  S2).  For  the  untreated  sediment,  BCFs  (L/kg) 
for  N.  arenaceodentata  range  from  4000-97000,  whereas  BCFs 
for  L.  plumulosus  range  from  53000-476000.  For  sediment 
treated  with  activated  carbon,  BCF  values  for  individual 
congeners  changed,  but  the  range  of  BCFs  remained  about 
the  same  (7000—107000  for  N.  arenaceodentata  and  61000- 
530000  for  L.  plumulosus).  These  results  indicate  that  the 
relationship  between  aqueous  concentrations  and  tissue  PCB 
concentrations  do  not  change  after  treatment  with  activated 
carbon.  Thus,  on  the  basis  of  evidence  to  date,  PCB 
bioaccumulation  reduction  using  activated  carbon  amend¬ 
ment  can  be  related  to  aqueous  PCB  concentrations  and 
congener  BCF. 

Kraaij  et  al.  (35)  found  that  the  bioconcentration  factors 
for  PCBs  in  a  deposit-feeding  tubifex  worm  did  not  change 
after  the  treatment  of  sediments  with  Tenax  for  48  h.  They 
also  found  that  the  lipid-normalized  bioconcentration  factors 
were  very  similar  to  the  log  KoW  of  the  PCB  congeners.  In  our 
case  also  we  find  that  the  lipid-normalized  bioconcentration 
factors  are  mostly  within  an  order  of  magnitude  of  congener 
Kqvj  (data  not  shown).  An  average  bioconcentration  factor  of 
31  200  L/kg  for  fish  was  used  in  developing  EPA’s  ambient 
water  quality  criteria  for  PCBs  (36),  and  this  value  is  also 
used  for  developing  total  maximum  daily  loads  for  PCBs  in 
natural  waters  (3  7) .  Our  measured  BCF  for  N.  arenaceodentata 
for  total  PCBs  in  untreated  Hunters  Point  sediment  is  34  000 
L/kg  and  is  close  to  the  value  used  by  the  EPA  for  fish.  For 
L.  plumulosus,  we  measured  5-fold  higher  bioaccumulation 
compared  to  N.  arenaceodentata  and  a  corresponding  higher 
bioconcentration  factor.  Different  PCB  exposure  pathways 
and  different  surface  area-to-volume  ratios  for  the  two 
organisms  could  be  responsible  for  the  observed  differences 
in  bioconcentration  factors. 
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a)  N.  arenaceodentata 


b)  L.  plumulosus 


PCB  congener 

FIGURE  3.  PCB  bioconcentration  factors  (BCF)  in  activated  carbon- 
amended  sediment  compared  to  unamended  sediment  for  (a)  the 
amphipod  L.  plumulosus  and  (b)the  polychaete  N.  arenaceodentata. 


FIGURE  4.  Effect  of  3.4%  activated  carbon  on  28-d  growth  in  N. 
arenaceodentata  and  L  plumulosus.  Open  bar  represents  growth 
in  unamended  HP  sediment  hatched  bar  represents  growth  in  HP 
amended  with  3.4%  dry  weight  activated  carbon. 

Chronic  Effects  of  Activated  Carbon  on  L.  plumulosus 
and  N.  arenaceodentata.  Exposure  to  3.4%  activated  carbon 
in  sediment  resulted  in  no  significant  effect  on  the  survival, 
growth,  lipid  content,  and  fecundity  in  L.  plumulosus  or 
survival  and  lipid  content  in  N.  arenaceodentata  (data  not 
shown).  However,  activated  carbon  did  result  in  decreased 
N.  arenaceodentata  wet  weight  of  approximately  50%  after 
28  d  (Figure  4).  Direct  toxicity  of  activated  carbon  is 
discounted  as  an  explanation  for  this  effect.  During  our 


sediment  exposure  trials,  we  observed  ingestion  of  activated 
carbon  particles  by  N.  arenaceodentata,  but  not  L.  plumu¬ 
losus,  and  it  is  conceivable  that  ingested  activated  carbon 
affects  N.  arenaceodentata  indirectly  because  of  its  sorbent 
properties.  Given  its  affinity  for  lipids,  carbohydrates  (38), 
and  proteins  (39),  activated  carbon  could  sorb  nutrients 
dissolved  in  both  the  aqueous  phase  and  digestive  fluid, 
potentially  impairing  nutrient  uptake.  In  addition,  since  the 
species  was  observed  to  ingest  activated  carbon  particles,  it 
is  possible  that  activated  carbon  might  impair  digestion 
through  the  sorption  of  enzymes  in  digestive  fluid.  To  test 
this  concept,  we  investigated  the  effects  of  activated  carbon 
on  (a)  glucosidase,  lipase,  and  protease  enzyme  activity  in 
digestive  fluid  and  (b)  digestive  fluid  surfactant  activity. 

Effect  of  Activated  Carbon  on  Enzyme  Activity  and 
Digestive  Fluid  Surfactancy.  Addition  of  3.4%  activated 
carbon  to  either  Hunters  Point  or  control  sediment  (Sequim 
Bay,  WA)  had  no  significant  deleterious  effect  on  protease, 
lipase,  or  a-  or  glucosidase  activities,  as  shown  in  Table  3. 
This  suggests  that  any  sorption  of  digestive  enzymes  by 
activated  carbon  was  not  sufficient  to  decrease  the  functional 
efficiency  of  these  key  digestive  enzymes.  Droplet  contact 
angle  formed  by  pure  digestive  fluid  from  A.  brasiliensis  was 
not  affected  by  the  contact  of  the  digestive  fluid  with  control 
sediment.  When  3.4%  activated-carbon-amended  control 
sediment  was  contacted  with  the  digestive  fluid,  the  contact 
angle  increased  from  28.3°  to  34.5°  indicating  decreased 
surfactancy.  However,  digestive  fluid  contact  angles  were 
increased  by  the  same  extent  in  both  the  unamended  and 
activated-carbon-amended  Hunters  Point  sediment.  This 
indicates  that  for  Hunters  Point  sediment,  there  was  no 
change  in  digestive  fluid  surfactancy  from  the  addition  of 
activated  carbon.  High  digestive  fluid  surfactancy  is  common 
in  deposit-feeding  invertebrates  (26) .  The  role  of  surfactancy 
in  digestion  is  not  clear;  it  might  be  associated  with 
solubilizing  food  particles,  activating  and  deactivating  diges¬ 
tive  enzymes,  enhancing  solubility  of  lipids,  preventing 
adsorptive  loss  of  enzymes  from  the  gut,  and  aiding  gut 
lubrication  (26).  While  it  is  possible  that  activated  carbon 
particles  can  reduce  A.  brasiliensis  digestive  fluid  surfactancy 
in  some  sediments  with  potential  effects  on  nutrient  as¬ 
similation,  the  addition  of  activated  carbon  did  not  contribute 
to  any  additional  loss  of  digestive  fluid  surfactancy  in  the 
Hunters  Point  sediment. 

Relevance  to  the  Field.  The  results  from  this  work  and 
a  companion  study  (1 7)  demonstrate  that  adding  activated 
carbon  to  contaminated  Hunters  Point  sediment  can  reduce 
PCB  bioaccumulation  in  two  benthic  organisms,  L.  plumu¬ 
losus  and  N.  arenaceodentata,  by  nearly  1  order  of  magnitude. 
Thus,  application  of  activated  carbon  to  the  biologically  active 
layer  of  PCB-contaminated  sediment  may  be  an  effective 
in-situ  stabilization  method  to  reduce  contaminant  bio¬ 
availability  to  sediment  organisms  at  the  base  of  the  aquatic 
food  web.  In-situ  bioavailability  reduction  using  carbon 
amendment  may  be  applicable  at  sites  where  bioaccumu¬ 
lation  reduction  can  reduce  exposures  and  consequent  risk 
to  acceptable  levels. 


TABLE  3.  Effect  of  Sediment  and  Activated  Carbon  on  Enzyme  Activities  and  Digestive  Fluid  Droplet  Contact  Angle  in  Polychaete 
Digestive  Fluid 


protease  activity 

lipase  activity 

a-glucosidase 

//-glucosidase 

digestive  1 

(//M/min) 

{p  M/min) 

activity  [pM/  min) 

activity  (//M/min) 

droplet  contact 

digestive  fluid 

270  ±  33 

20.2  ±  1.3 

1.0  ±  0.0 

6.0  ±  0.6 

27.1 

control  sediment 

116  ±  20 

15.2  ±  3.0 

0.5  ±  0.2 

2.1  ±  0.2 

28.3 

control  sediment  +  activated  carbon 

138  ±  8 

15.2  ±  2.9 

0.6  ±  0.1 

2.8  ±  0.8 

34.5 

Hunters  Point  sediment 

122  ±  45 

8.4  ±  0.6 

0.4  ±  0.1 

0.5  ±  0.0 

36.4 

Hunters  Point  +  activated  carbon 

113  ±  14 

16.6  ±  11.6 

0.2  ±  0.2 

2.1  ±  0.6 

36.9 
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Ongoing  laboratory  work  is  testing  the  effects  of  activated 
carbon  dose  and  particle  size  and  contaminant  mass-transfer 
kinetics  on  reducing  PCB  bioaccumulation  in  organisms. 
Additional  studies  will  be  required  to  develop  an  under¬ 
standing  of  both  the  underlying  mechanisms  and  implica¬ 
tions  of  the  effect  activated  carbon  had  on  the  reduced  growth 
of  the  exposed  polychaete.  Transitioning  this  in-situ  treat¬ 
ment  approach  to  the  field  requires  testing  the  effectiveness 
of  mixing  activated  carbon  into  contaminated  sediment 
under  field  conditions  where  mixing  may  be  less  complete 
and  where  organism  exposure  conditions  are  more  variable. 

This  technology  may  be  applicable  at  low  energy,  net 
depositional,  sediment  environments  where  activated  carbon 
loss  through  resuspension  and  transport  would  be  minimal. 
These  conditions  exist  at  South  Basin,  adjacent  to  Hunters 
Point,  where  the  cohesive  nature  of  the  sediment  would 
further  stabilize  the  added  carbon  particles.  There  may  be 
several  potential  modes  of  application  of  activated  carbon 
to  sediments.  Depending  on  particular  site  conditions,  the 
carbon  could  be  incorporated  directly  into  sediments  using 
a  large-scale  mixing  device  such  as  a  rotovator  or  a  hollow- 
stem  mixing  auger  used  for  soil  stabilization.  Carbon  could 
also  be  placed  as  a  layer  on  the  sediments  with  a  clean  sand 
cap  and  thus  act  as  an  active  sorptive  barrier  to  contaminant 
migration  from  sediments  into  the  water  column.  Alterna¬ 
tively,  carbon  could  be  incorporated  into  sediments  during 
dredging  operations  to  stabilize  the  contaminants  before 
disposal.  The  authors  plan  to  investigate  some  of  these 
challenges  to  field  transition  through  a  pilot  field  demon¬ 
stration  project  and  to  evaluate  site  characteristics  that  may 
allow  the  successful  application  of  this  remediation  technol¬ 
ogy- 
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1  Introduction 

Hydrophobic  organic  contaminants  (HOCs)  such  as  polychlorinated  biphenyls  (PCBs)  and  poly¬ 
cyclic  aromatic  hydrocarbons  (PAHs)  are  long-lived  in  sediments  and  impair  water  quality  by 
leaching  into  overlying  water,  accumulating  in  sediment-dwelling  organisms  and  aquatic  biota,  and 
transferring  through  the  food  web  to  humans  and  other  animals.  These  persistent  compounds  are 
widespread  in  sediments  and  pose  risks  to  humans  and  wildlife  and  the  nation’s  economy  through 
deterioration  of  water  quality.  (1)  The  magnitude  of  the  sediment  contamination  problem  in  the 
US  is  evidenced  by  more  than  2,100  state  advisories  issued  against  consuming  fish.  This  is  ag¬ 
gravated  by  the  fact  that  contaminated  sediments  are  very  widespread  in  extent  and  traditional 
cleanup  technologies  such  as  dredging  and  disposal  are  too  expensive  and  too  disruptive  of  existing 
ecosystems.  In  the  well-publicized  case  of  PCBs  in  the  Hudson  River,  the  EPA  and  General  Electric 
cannot  agree  on  whether  to  dredge  or  not  because  of  fundamentally  different  views  regarding  the 
links  among  geochemistry,  PCB  availability,  and  bioaccumulation.  Experts  cannot  agree  on  man¬ 
agement  strategies  because  of  the  lack  of  understanding  of  organism  exposure  at  the  lower  trophic 
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feeding  behavior,  contaminant  uptake,  and  accumulation. 

Innovative  engineering  solutions  to  the  problem  of  persistent  organic  contaminants  in  aquatic 
food  webs  requires  rethinking  of  the  existing  remediation  paradigm  of  “dredge-and-landfill.”  Our 
recent  discoveries  of  contaminant  sorption  and  association  with  highly  sorbing  natural  particles  in 
sediments  are  opening  up  new  opportunities  for  revolutionary  in-situ  management  strategies.  New 
initiatives  by  the  EPA  on  incorporating  site-specific  bioavailability  factors  in  sediment  restoration 
decisions  makes  innovative,  in-situ  technologies  aimed  at  reducing  the  biological  availability  of 
contaminants  in  sediments  especially  attractive.  In  our  current  work  we  are  beginning  to  address 
this  challenge  by  bringing  together  researchers  from  diverse  fields  to  assess  benthic  biogeochemical 
processes  and  biota  feeding  and  contaminant  exposure.  We  are  applying  this  mechanistic  knowledge 
to  assess  a  novel  sediment  management  strategy.  We  propose  that  the  addition  of  a  low  cost  sorbent 
like  granular  activated  carbon  (GAC)  to  sediments  may  be  a  cost-effective,  in-situ  management 
strategy  by  sorbing  organic  contaminants  and  thereby  reducing  bioavailability  and  bioaccumulation. 
Such  a  management  strategy  is  especially  attractive  for  large  areas  of  low  level  PCB  concentrations. 
Our  management  strategy  requires  mechanistic  understanding  of  linked  physical  and  biological 
processes  and  using  such  information  in  conceptual  and  quantitative  models  to  understand  the 
efficacy  of  the  in-situ  stabilization  process. 

2  Background 

Hydrophobic  organic  contaminants,  such  as  PCBs  and  PAHs,  sorb  to  the  organic  carbon  fraction  of 
sediment,  leading  researchers  to  take  the  sediment  organic  carbon  fraction  as  a  measure  of  sediment 
sorption  capacity.  Thus  the  equilibrium  distribution  relationship  can  be  normalized  to  the  organic 
carbon  fraction  for  different  sediments. (2)  However,  a  major  problem  with  this  approach  is  the 
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assumption  that  all  organic  carbon  in  sediment  exhibit  equal  sorption  capacity.  Grathwohl(3) 
showed  that  sorption  of  HOCs  is  strongly  dependent  not  only  on  the  amount  of  organic  carbon, 
but  the  nature  of  it,  as  well.  Ghosh  et  al.(4)  showed  that  different  types  of  organic  carbon  can  have 
very  different  sorption  capacities  for  HOCs.  Citing  several  studies,  they  present  organic  carbon- 
normalized  partition  coefficient  (Koc)  values  for  phenanthrene  for  a  number  of  different  sorbents, 
including  vegetative  debris,  decayed  remains  of  plants  and  animals,  humic  matter  and  particles  such 
as  coal,  coke,  charcoal  and  soot.  The  values  span  a  range  of  several  orders  of  magnitude.  Based  on 
the  partition  coefficients  presented  in  the  paper,  it  is  clear  that  sorption  of  HOCs  associated  with 
soot-  or  coal-type  carbon  may  be  orders  of  magnitude  stronger  than  HOCs  associated  with  natural 
organic  matter  in  soils  and  sediment.  Thus  HOCs  residing  in  the  sediment  may  be  more  or  less 
available,  depending  on  how  weakly  or  strongly  they  are  sorbed  to  the  sediment  organic  matter. 

Previous  studies,  which  have  measured  the  amount  of  soot  carbon  in  sediment  have  shown  the 
importance  of  soot  carbon  in  sorption  processes  in  sediment. (5-8)  Gustafsson  et  al.(5)  and  Bucheli 
and  Gustafsson(7)  showed  that  elevated  PAH  partitioning  in  sediment  samples  could  be  explained 
based  on  the  soot  carbon  content  and  known  high  PAH  sorption  capacity  of  soot.  They  proposed 
that  the  sorption  of  PAHs  to  a  soot-phase  carbon  in  sediments  may  affect  in-situ  bioavailability  of 
PAHs.  Working  with  isolated  soot  carbon  Accardi-Dey  and  Gschwend(6)  demonstrated  that  the 
observed  PAH  partitioning  from  sediment  can  be  better  predicted  by  a  modified,  soot-partitioning 
inclusive,  distribution  model.  Karapanagioti  et  al.(9)  showed  that  sediments  with  coaly  particulates 
exhibited  strong  sorption  of  phenanthrene. 

Ghosh  et  al .(10)  demonstrated  the  predominant  association  of  PAHs  with  coal-derived  particles 
in  Milwaukee  Harbor  sediments.  They  found  from  direct  analysis  of  separated  fractions  and  particle- 
scale  microanalysis  that  the  majority  of  PAHs  in  the  sediment  was  associated  with  coal-derived 
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particles.  In  a  different  study  Ghosh  et  al.(4)  used  three  different  aged,  harbor  sediment  samples 
to  investigate  the  importance  of  carbonaceous  particles  in  the  sequestration  of  PCBs  and  PAHs. 
By  separating  the  particulate  organic  components  in  the  sediments  by  a  density  technique  that 
preserves  the  physical  and  chemical  integrity  of  the  particles  they  demonstrated  that  majority  of 
both  PAHs  and  PCBs  are  associated  with  a  coal-derived  particulate  organic  carbon.  They  also 
showed  that  PAHs  associated  with  natural  organic  matter  and  mineral  particles  in  sediments  were 
readily  bioavailable  and  PAHs  sorbed  on  carbonaceous  particles  in  sediments  were  strongly  bound 
and  unavailable  for  biological  treatment  or  for  uptake  in  earthworms.  (10-12)  Thus,  the  transfer  of 
PAHs  from  a  more  easily  available  state  in  sediments  to  a  more  strongly  sorbed  state  may  result 
in  significant  reductions  in  PAH  availability  and  biological  uptake. 

A  few  recent  studies  have  investigated  the  feasibility  of  adding  sorbents  as  a  sediment  manip¬ 
ulation  to  reduce  HOC  availability  by  transfer  of  the  compounds  from  an  easily  available  state  to 
a  strongly  sorbed  state.  Kosian  et  al .(13)  tested  the  effectiveness  of  adding  Ambersorb  resin  to 
fluoranthene-spiked  sediment  in  reducing  contaminant  chemical  and  biological  availability.  They 
found  that  adding  Ambersorb  to  fluoranthene-spiked  sediment  significantly  reduced  pore  water 
concentrations.  To  test  the  effectiveness  in  reducing  fluoranthene  bioaccumulation,  the  authors  ex¬ 
posed  the  oligochaete  Lumbriculus  variegatus  to  Ambersorb-amended  and  nonamended  sediment. 
Following  exposure  to  the  sediments,  the  authors  measured  whole-body  fluoranthene  concentra¬ 
tions,  and  found  that  fluoranthene  body  burdens  of  the  organisms  exposed  to  treated  sediment 
were  greatly  reduced,  compared  to  those  exposed  to  untreated  sediment. 

In  a  second  study  with  Ambersorb,  West  et  al. (14)  measured  concentrations  of  eight  PAHs 
in  pore  water  of  sediment  before  and  after  contacting  with  the  resin.  They  found  that  contacting 
sediment  with  Ambersorb  significantly  reduced  pore  water  concentrations  of  the  eight  PAHs  studied. 
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Adding  Ambersorb  also  significantly  reduced  PAH  body  burdens  for  oligochaetes  tested.  The 
authors  proposed  that  adding  Ambersorb  may  be  an  effective  in-situ  method  for  treating  some 
contaminated  sediments. 

Kraaij  et  al.(I5)  investigated  the  relationship  between  contaminant  bioavailability  and  seques¬ 
tration  using  manipulation  of  PCB-  and  PAH-contaminated  sediment  with  Tenax.  By  contacting 
sediment  with  Tenax  beads  for  48  h  and  removing  the  Tenax,  they  reduced  the  fraction  of  rapidly 
desorbing  contaminants  by  factors  of  28  and  13  times  for  PAHs  and  PCBs,  respectively.  In  addition 
they  calculated  BSAF  values  for  tubifex  worms  exposed  to  the  treated  and  untreated  sediments. 
Using  the  two  data  sets  they  showed  that  the  relationship  between  contaminant  sequestration,  as 
expressed  in  terms  of  the  rapidly  desorbing  fraction,  and  bioavailability,  as  expressed  as  BSAF 
values,  is  causal.  In  other  words,  a  decrease  in  the  rapidly  desorbing  fraction  caused  a  concomitant 
reduction  in  uptake  by  tubifex  worms. 

These  studies  and  our  earlier  work  on  PAH  bioavailability  suggest  that  the  transfer  of  HOCs 
from  a  weakly  bound  state  in  sediments  to  a  strongly  bound  state  on  a  sorbent  amendment  may  lead 
to  significant  reductions  in  HOC  bioavailability.  In  this  work  we  investigated  the  use  of  activated 
carbon  as  an  amendment  to  reduce  PAH  and  PCB  bioavailability  in  contaminated  sediment.  In 
this  paper  we  present  our  results  of  aqueous  availability  reduction  for  selected  PAHs  and  discuss 
results  presented  elsewhere(1 6)  for  PCBs  in  sediments. 

3  Our  Research 

In  this  research  we  examined  how  the  addition  of  low-cost  sorbents,  such  as  coke  or  granular 
activated  carbon,  may  sequester  contaminants  like  PAHs  and  PCBs,  thereby  reducing  contaminant 
solubility,  exposure,  and  accumulation  in  sediment  dwelling  organisms. 
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3.1  Sediment  Contact 


We  obtained  sediment  from  the  intertidal  zone  of  South  Basin,  adjacent  to  the  landfill  at  Hunters 
Point  Naval  Shipyard.  Sediments  at  the  site  have  some  of  the  highest  PCB  concentrations  of 
anywhere  in  San  Francisco  Bay,  up  to  10.5  mg/kg.  Contaminated  sediment  was  contacted  with 
coke  or  granular  activated  carbon  (GAC)  for  one  or  six  months  on  a  roller.  The  amount  of  carbon 
sorbent  added  was  twice  the  total  organic  carbon  content  of  sediment  (1.7%)  Experimental  details 
are  described  elsewhere.  (16) 

3.2  Physicochemical  Tests 

Three  different  physicochemical  experiments  were  used  to  test  the  effect  of  adding  carbon  sorbents 
on  availability  to  the  aqueous  phase.  These  were  PCB  and  PAH  aqueous  equilibrium  concentration, 
PCB  and  PAH  uptake  by  semi-permeable  membrane  devices  (SPMD)  and  PCB  flux  from  sediment 
under  quiescent  conditions. 

3.3  Biological  Tests 

Three  invertebrate  species,  which  comprise  the  base  of  the  food  chain,  have  been  used  as  model 
organisms  for  the  study  of  bioavailability  of  PCBs,  Macoma  balthica,  Neanthes  arenaceodentata 
and  Leptocheirus  plumulosus.  Neanthes  and  Leptocheirus  are  model  organisms  that  have  been 
used  extensively  for  studies  with  contaminated  sediment.  The  three  organisms  represent  three 
different  feeding  mechanisms:  Macoma  is  a  deposit  feeder,  Neanthes  feeds  by  ingesting  sediment, 
and  Leptocheirus  feeds  from  the  particle  surface. 

One  important  task  was  to  show  that  adding  carbon  sorbents  to  sediment  does  not  adversely 
affect  organisms.  Survival  and  growth  tests  were  performed  with  Leptocheirus  and  Neanthes,  and 
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reproduction  tests  were  done  with  Leptocheirus  to  determine  whether  any  adverse  effects  accom¬ 


panied  carbon  addition. 

We  measured  the  absorption  efficiency  of  a  PAH  and  PCB  to  clams  from  a  variety  of  par¬ 
ticle  types  including  activated  carbon,  coke,  coal,  and  wood.  Bioaccumulation  studies  with  the 
three  organisms  were  performed  by  exposing  them  to  carbon-treated  and  untreated  sediment,  then 
analyzing  for  PCBs  in  their  tissues. 

4  Results 

4.1  Physicochemical  Tests 

We  used  three  different  physicochemical  tests  to  determine  the  effectiveness  of  adding  carbon  sor¬ 
bents  to  sediment  to  reduce  contaminant  availability  to  the  aqueous  phase.  These  were  aqueous 
equilibrium  PCB  and  PAH  concentration,  uptake  of  PCBs  and  PAHs  by  semi-permeable  membrane 
devices  (SPMDs),  and  PCB  flux  from  sediment  under  quiescent  conditions.  In  our  first  round  of 
testing,  we  used  coke  as  an  engineered  sorbent  because  coal-derived  materials  have  been  found  to 
accumulate  PAHs,  as  in  the  studies  previously  discussed.  However,  tests  with  coke  showed  it  to 
have  little  or  no  effect  on  reducing  PCB  concentrations  in  water.  In  contrast,  adding  granular  ac¬ 
tivated  carbon  (GAC)  to  sediment  significantly  reduced  PCB  and  PAH  availability  to  the  aqueous 
phase  in  all  three  types  of  physicochemical  tests. 

To  measure  the  effectiveness  of  activated  carbon  in  lowering  aqueous  phase  concentrations,  we 
measured  equilibrium  aqueous  PAH  concentrations  for  untreated  sediment  and  sediment  treated 
with  activated  carbon  and  contacted  for  six  months.  Results  for  the  three  most  abundant  PAHs 
are  shown  in  Figure  1.  Reductions  in  PAH  aqueous  equilibrium  concentrations  were  83%  for 
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Figure  1:  PAH  aqueous  equilibrium  concentration  for  G AC-treated  and  untreated  Hunters  Point 
sediment 


Table  1:  Logivoc  values  for  PAHs  in  sediment. 


Measured,  this  study 

Measured,  apparent(17) 

Compound 

log  Koc 

log  Koc 

Phenanthrene 

6.9 

7.03 

Fluoranthene 

7.4 

6.66 

Pyrene 

7.1 

6.61 

phenanthrene,  94%  for  fluoranthene,  and  88%  for  pyrene.  Thus,  PAH  availability  in  the  aqueous 
phase  in  contact  with  sediment  or  sediment  pore  water  is  reduced  significantly  after  contact  with 
activated  carbon. 

We  calculated  organic  carbon-normalized  partition  coefficients,  Koc ,  for  PAHs  in  G AC-treated 
sediment.  Values  of  \ogKoc  for  three  PAHs  are  shown  in  Table  1,  along  with  values  measured  from 
other  studies  with  sediment  containing  strong  sorbents  such  as  soot.  These  values  are  in  agreement 
with  those  for  PAHs  in  the  soot-impacted  sediment. 

Results  of  other  physicochemical  tests  for  PAHs  and  PCBs  have  been  presented  elsewhere. (id) 


4.2  Biological  Tests 


First,  our  results  showed  that  adding  coke  or  activated  carbon  did  not  adversely  affect  survival 
or  reproduction  either  organism.  However,  Neanthes  growth  was  slightly  reduced  in  the  sediment 
treated  with  activated  carbon.  The  cause  of  this  reduction  is  currently  being  investigated.  Detailed 
descriptions  of  these  studies  and  bioaccumulation  studies  with  Neanthes  and  Leptocheirus  are  found 
in  an  article  being  prepared  for  publication. (IS) 

Our  results  showed  that  adding  coke  to  sediment  had  little  or  no  effect  on  reducing  bioaccumu¬ 
lation  in  any  of  the  organisms.  In  contrast,  contacting  GAC  with  sediment  resulted  in  significantly 
reduced  bioaccumulation  in  all  three  organisms,  compared  to  untreated  sediment.  In  addition,  the 
level  of  reduction  in  the  organisms  tracked  the  levels  of  reduction  shown  in  the  physicochemical 
tests. 

In  controlled  particle  feeding  tests  with  radiolabeled  compounds,  we  determined  that  the  ab¬ 
sorption  efficiency  of  a  PAH  and  a  PCB  to  clams  was  highly  dependent  upon  the  particle  type  to 
which  the  compounds  were  bound.  The  low  absorption  efficiency  of  compounds  bound  to  activated 
carbon  supports  the  use  of  activated  carbon  to  lower  the  bioavailability  of  PAHs  and  PCBs  in  con¬ 
taminated  sediment.  Bioaccumulation  tests  with  clams  exposed  to  carbon-treated  and  untreated 
sediment  showed  that  activated  carbon  amendment  significantly  lowers  the  bioavailability  of  PCBs 
to  clams,  whereas  coke  is  ineffective. 

5  Ongoing  Studies 

Our  results  showing  that  adding  activated  carbon  to  sediment  can  reduce  contaminant  availability  to 
the  aqueous  phase  and  reduce  bioaccumulation  in  three  different  organisms,  provide  encouragement 
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Figure  2:  GAC  field  demonstration  methods  using  replicated  control  and  treatment  plots 


control  GAC  mixed  into  GAC  anchored 

upper  layer  with san^ 


to  pursue  this  novel  technology  on  a  larger  scale.  This  will  be  pursued  in  a  proposed  field  scale 
implementation  of  GAC  application  to  sediment.  The  laboratory  experiments  so  far  have  been 
performed  under  ideal  conditions  and  ensured  that  sediment  and  carbon  were  well-mixed.  In  our 
pilot  scale  field  experiment  we  will  test  the  effectiveness  under  conditions  where  mixing  will  be  less 
complete  than  in  the  lab.  A  schematic  of  our  proposed  test  plots  are  shown  in  Figure  2.  These  tests 
plots  will  be  placed  in  South  Basin,  adjacent  to  Hunters  Point  Naval  Shipyard,  near  the  location 
where  sediment  samples  were  obtained  for  our  laboratory  studies. 

An  array  of  physicochemical  and  biological  uptake  studies  will  be  performed.  Physicochemical 
tests  will  be  similar  to  those  completed  previously,  with  treated  and  untreated  sediment  from 
the  field  evaluated  in  the  lab  to  determine  the  effects  on  contaminant  release  from  sediment.  In 
addition  SPMDs  and  solid  phase  microextraction  (SPME)  devices  will  be  evaluated  as  potential 
in-situ  methods  for  measuring  reduction  in  contaminant  availability  to  the  aqueous  phase. 

We  will  measure  PCB  bioaccumulation  using  particle- feeding  organisms  native  to  San  Francisco 
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Bay,  the  clam  Macoma  and  the  worm  Nephtys  or  Nereis.  The  benthic  organisms  will  be  placed 


in  enclosed  containers  sunk  into  both  treated  and  control  plots.  At  intervals  during  the  study, 
we  will  deploy  organisms  and  characterize  organism  survival  and  28-day  PCB  bioaccumulation. 
In-sit, u  biological  exposure  trials  are  particularly  pertinent  to  the  present  study,  which  aims  to  1) 
demonstrate  whether  the  benefits  of  carbon  addition  found  in  laboratory  tests  are  observed  in  the 
field,  2)  quantify  effects  of  deployment  and  temporal  variables  on  environmental  PCB  exposure, 
and  3)  assess  the  stability  of  GAC  particles  in  sediment. 

The  maintenance  of  the  integrity  of  the  sorbent  added  to  the  sediment  is  important  for  in-situ 
stabilization.  A  principal  concern  is  that  since  GAC  particles  are  lighter  than  sediments,  activated 
carbon  particles  (sp.  grav.  =  1.4)  may  be  more  easily  resuspended  and  preferentially  transported 
by  ambient  currents  from  the  site.  Our  demonstration  project  will  evaluate  under  field  conditions 
the  movement  of  sediment  and  sorbent  activated  carbon  particles  in  the  treated  plots  under  two 
deployment  scenarios.  This  will  include  monitoring  of  water  currents,  bulk  sediment  resuspension 
at  different  heights  above  the  bed,  relative  transport  of  carbon  particles,  and  the  size  distribution 
and  nature  of  suspended  particulates. 

We  will  conduct  particle  resuspension  tests  as  a  function  of  bottom  shear  in  two  laboratory- 
scale  setups  using  sediment  from  the  field  and  granular  activated  carbon  of  different  sizes  using 
a  vibrating  grid  mechanism  and  a  water  flume.  Results  from  these  experiments  will  allow  us  to 
better  understand  the  physical  stability  of  the  added  sorbent  in  the  field. 

6  Active  Capping  of  Contaminated  Sediment 

Activated  carbon  can  also  be  deployed  in  the  field  along  with  coarse  sand  forming  a  ’’sorptive  cap” 
to  retard  contaminant  migration  and  bioavailability.  In  this  case,  the  activated  carbon  can  be  mixed 
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in  the  sand  to  enhance  the  sorptive  property  of  the  cap.  Sorptive  capping  technology  can  offer  a 
great  advantage  over  standard  sand  capping  by  enabling  capture  and  stabilization  of  mobilized 
contaminants  in  the  strongly  sorbing  activated  carbon.  Such  an  application  mode  minimizes  the 
possibility  of  resuspension  of  the  lighter  density  carbon  and  also  gains  greatly  from  the  wealth 
of  field  deployment  experience  from  decades  of  standard  sand  capping  applications.  A  typical 
field  application  of  a  sorptive  cap  may  involve  mixing  activated  carbon  with  in-place  contaminated 
sediments  followed  by  the  application  of  a  sorptive  cap  and  a  coarse  sand/gravel  armor.  A  great 
benefit  of  an  activated  carbon  amended  sorbent  cap  is  that  even  if  the  cap  integrity  is  compromised 
in  the  field  over  a  long  period  of  time,  repartitioning  of  the  PCBs  to  a  strongly  sorbed  form  in  the 
activated  carbon  would  minimize  availability  to  the  aqueous  phase  and  biota.  This  is  unlike  regular 
sand  caps  where  a  structural  breakdown  of  the  cap  results  in  the  release  of  contaminants  to  the 
overlying  water  and  exposure  of  the  biota  to  the  contaminant. 

For  in-situ  management  of  contaminated  sediments,  it  is  critical  to  evaluate  potential  pathways 
by  which  contaminants  might  pose  ecological  or  human  health  risks,  and  to  minimize,  or  eliminate 
exposure  by  these  pathways.  The  governing  contaminant  transport  mechanisms  within  an  amended 
cap  need  to  be  understood  under  field  hydraulic  conditions  to  assess  the  long-term  effectiveness 
and  cost-benefit  of  the  approach.  For  example,  the  enhanced  retardation  of  contaminants  in  the 
sorptive  cap  may  allow  the  use  of  much  smaller  thickness  of  cap  material. 

7  Conclusion 

Our  laboratory  studies  demonstrate  that  persistent  organic  contaminants,  such  as  PCBs  and  PAHs, 
can  be  effectively  sequestered  by  contacting  contaminated  sediment  with  granular  activated  carbon. 
This  has  been  demonstrated  using  three  different  physicochemical  parameters:  aqueous  equilibrium 
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concentration,  uptake  by  SPMDs,  and  flux  from  sediment  under  quiescent  conditions.  Our  biologi¬ 
cal  uptake  studies  also  show  the  effectiveness  of  reducing  bioaccumulation  in  a  clam,  an  amphipod, 
and  a  worm.  This  combination  of  results  from  physicochemical  and  biological  studies  provides 
encouragement  for  pursuing  further  application  of  the  in-situ  sediment  treatment  technology.  Our 
proposed  pilot  scale  field  demonstrations  will  be  used  to  measure  the  effectiveness  of  this  treatment 
method  under  less  ideal,  more  realistic  conditions.  The  field  demonstration  will  also  address  critical 
issues  related  to  GAC  particle  and/or  sand  cap  stability  under  actual  field  conditions. 
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Appendix  VI. 


Model  Verification  of  Thermal  Programmed  Desorption-Mass 
Spectrometry  for  Estimation  of  Release  Energy  Values  for 
PAHs  on  Mineral  Sorbents. 
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1  Abstract 

2  The  physical  availability  of  organic  compounds  in  soil  and  sediment  strongly  influences 

3  their  bioavailability  and  toxicity.  Previous  work  has  indicated  that  physical  availability  changes 

4  throughout  the  processes  of  aging  and  treatment  and  that  it  can  be  linked  to  the  energy  required 

5  to  release  the  compound  from  its  sorbent  matrix,  with  a  higher  energy  indicating  a  more  tightly 

6  bound  compound.  This  study  focused  on  determining  release  energy  values  for  various  mineral 

7  geosorbents  (glass  beads,  sand  and  kaolin)  contaminated  with  a  16  PAH  mixture.  The  sorbents 

8  were  analyzed  using  Thennal  Program  Desorption/Mass  Spectrometry  (TPD/MS)  and  the  release 

9  energy  values  were  calculated  from  the  resulting  thermograms  utilizing  a  non-linear  fit  of  the 

10  analytical  solution  to  a  simplified  version  of  the  Polanyi-Wigner  equation.  This  solution  method 

1 1  resulted  in  a  series  of  combinations  of  values  for  the  pre-exponential  factor  (v)  and  release 

12  energy  (E)  that  produced  desorption  rate  curves  with  similar  errors  when  fit  to  actual  data  sets. 

13  These  combinations  can  be  viewed  as  an  error  surface,  which  clearly  shows  a  valley  of  minimum 

14  error  values  spanning  the  range  of  both  E  and  v  indicating  that  this  method  may  not  provide  a 

15  unique  set  of  E  and  v  values  and  suggesting  that  the  simplified  version  of  the  Polanyi-Wigner 

16  equation  cannot  be  used  to  detennine  release  energy  based  on  TPD  data  alone. 

17  Keywords:  thennal  programmed  desorption,  PAHs,  release  energy,  Polanyi-Wigner  equation 
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1  Introduction 

2  The  remediation  of  soils  and  sediments  contaminated  with  PAHs  often  results  in  residuals 

3  that  exceed  clean  up  standards.  This  has  lead  to  an  interest  in  determining  if  these  residuals  are 

4  actually  available  for  uptake  by  plants  and  organisms,  and  thus  pose  a  threat  to  human  health  and 

5  the  environment.  Research  has  found  that  PAH  concentrations  found  by  exhaustive  extraction 

6  methods  may  not  be  indicative  of  the  concentrations  available  to  microorganisms  [1]  [2]  and  that 

7  the  availability  of  PAHs  tends  to  decrease  with  aging  and  treatment  [3]  [4].  This  has  lead  to 

8  interest  in  the  sorption  and  desorption  behavior  of  PAHs  and  how  it  relates  to  physical 

9  availability. 

10  Sorption  and  diffusion  phenomena  control  the  physical  availability  of  PAHs  for 

1 1  partitioning  into  the  aqueous  phase  and,  in  turn,  uptake  by  microorganisms.  This  physical 

12  availability  can  be  assessed  semi-quantitatively  using  release  energy,  with  higher  energy  values 

13  indicating  a  more  tightly  bound  compound.  This  release  energy  value  depends  on  the  type  of 

14  compound  as  well  as  the  characteristics  of  the  sorbent.  For  this  work,  release  energy  can  be 

15  thought  of  as  the  total  energy  required  to  release  the  compound  from  its  sorbent,  including  the 

16  energy  required  for  desorption  from  and  diffusion  through  the  sorbent  matrix.  Thus,  it  does  not 

17  represent  what  is  often  called  the  activation  energy  of  desorption  (or  desorption  activation 

18  energy)  in  surface  science  and  catalysis  literature. 

19  Release  energy  values  can  be  calculated  from  TPD  thermograms  using  several  methods 

20  that  fall  into  two  general  approaches,  integral  and  differential.  The  integral  approach  relates 

2 1  desorption  parameters  to  bulk  peak  characteristics  such  as  half- widths  and  peak  desorption 

22  temperatures.  This  approach  is  useful  when  the  parameters  are  independent  of  coverage.  The 

23  differential  method  utilizes  Arrhenius  plots  from  one  or  more  thermograms  and  can  be  applied  to 
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1  parameters  that  are  coverage  dependent.  Specifically,  Talley  et  al.,  used  diffusion  based 

2  desorption  models  and  fit  the  activation  energy  parameter  to  TPD  thermograms  and  found 

3  energy  values  ranging  from  35-140  kJ/mol  depending  on  the  type  of  sorbent  [5][6].  Yang  et  ah, 

4  ran  TPD  at  different  temperature  ramp  rates  and  used  the  relationship  between  peak  temperature 

5  and  ramp  rate  (based  on  a  method  developed  by  Cvetanovic  for  first  order  desorption  from 

6  homogenous  surfaces  [7])  to  calculate  desorption  activation  energies  of  nonchloro-dioxins  on  a 

7  variety  of  sorbents  [8]  [9]. 

8  Cornelissen  et  ah,  performed  desorption  studies  at  several  temperatures  and  utilized  the 

9  relationship  between  the  activation  enthalpy  for  slow  desorption  and  the  slow  desorption  rate 

10  constant  to  calculate  desorption  activation  energies  of  several  chlorobenzenes,  polychlorinated 

1 1  biphenyls  (PCBs)  and  PAHs.  He  found  fairly  constant  energy  values  for  lab  and  field 

12  contaminated  sediments  for  all  studied  compounds  (60-70  kJ/mol)  [10].  It  should  be  noted  that 

13  these  values  represent  only  desorption  activation  energy  and  may  not  be  directly  comparable  to 

14  release  energy  values  found  by  Talley  et  al. 

15  This  work  seeks  to  build  upon  the  work  of  Talley  et  al.  to  determine  if  a  non-linear  fit 

16  method  can  be  used  to  calculate  release  energy  values  from  known  contaminants  on  simple 

17  geosorbents.  The  current  method  fits  the  analytical  solution  to  a  simplified  version  of  the 

18  Polanyi-Wigner  equation  to  TPD  thermograms  by  varying  E  and  v  and  determining  the  total 

19  squared  error  between  the  model  and  data.  An  error  surface  is  generated  to  determine  if  a 

20  unique  solution  can  be  found  within  experimental  variations.  The  work  utilizes  specific  mineral 

2 1  sorbents  to  eliminate  the  complications  associated  with  polymer  diffusion  (the  early  release  of 

22  compounds  from  high  carbon  sorbents  due  to  a  heat  induced  change  in  the  sorbent)  found  by 

23  Talley  et  al. [5]. 
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1  Materials  and  Methods 

2  Materials 

3  The  mineral  sorbents  used  in  this  study  were  glass  beads  (1.0  mm  nominal  diameter), 

4  standard  Ottawa  sand,  and  kaolin  from  Fisher  Scientific.  The  PAH  standard  was  prepared  from  a 

5  TCL  Polynuclear  Aromatic  Hydrocarbon  mix  containing  2000  pg/mL  each  of  16  PAHs  (listed  in 

6  Table  1)  in  a  solution  of  50:50  methylene  chloride  and  benzene  from  Sigma-Aldrich.  An  internal 

7  standard  was  prepared  from  a  200  pg/mL  indeno(l,  2,  3-c,  d)pyrene  solution  in  methanol  from 

8  Sigma-Aldrich.  The  methylene  chloride  used  was  HPLC-GC/MS  grade. 

9  Instrumentation 

10  This  work  utilizes  thennal  program  desorption  mass  spectrometry  (TPD-MS)  with  a 

1 1  direct  insertion  probe.  The  instrument  setup  includes  a  Thermo  Finnigan  Polaris  Q  mass 

12  spectrometer  and  a  Thermo  Finnigan  Direct  Insertion  Probe  (DIP)  with  a  glass  sample  vial. 

13  Schematics  of  the  TPD-MS  used  in  this  work  are  shown  in  Figure  1.  This  configuration  allows  a 

14  sample  to  be  inserted  directly  into  the  MS,  allowing  for  a  better  transfer  of  desorbed  compounds 

15  and  increased  sensitivity. 

16  The  sample  vials  are  cylindrical  with  an  inside  diameter  of  1.0  mm  and  a  10  mm  length. 

17  The  sample  is  emplaced  in  a  vial  and  weighed.  The  probe  holding  the  vial  is  then  inserted  into 

18  the  MS  and  the  temperature  is  increased  at  a  predetermined  linear  rate.  Within  each  sample  run, 

19  the  raw  ion  count  detected  by  the  MS  is  proportional  to  the  molecular  flux  in  the  ion  volume  and 

20  is  thus  proportional  to  the  desorption  rate  of  PAHs  from  the  sample.  Since  PAHs  typically 

2 1  produce  molecular  ions  with  very  little  fragmentation,  multiple  compounds  can  be  analyzed 

22  simultaneously,  provided  they  have  different  molecular  weights. 
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1  Spiking  procedure 

2  Half  a  gram  of  each  solid  sample  was  saturated  with  methylene  chloride  to  make  a  slurry. 

3  25  pL  of  a  1  to  5  dilution  of  the  2000  pg/mL  16  PAH  mixture  was  added  to  the  slurry  to  create  a 

4  20  ppm  concentration  of  each  PAH,  corresponding  to  320  ppm  total  PAHs.  The  slurry  was 

5  shaken  continuously  for  15  minutes,  followed  by  5  minute  shaking  once  an  hour  for  4  hours. 

6  The  samples  were  shaken  to  prevent  loss  of  solid  or  PAH  mixture  on  stir  bars.  Between  shaking 

7  times,  the  slurry  was  allowed  to  evaporate  in  the  ambient  air  inside  a  fume  hood.  Kaolin  was 

8  allowed  to  dry  for  a  slightly  longer  time  as  the  slurry  did  not  evaporate  as  quickly  due  to  the 

9  kaolin’s  fine  powdery  nature.  Samples  were  run  within  two  days  of  spiking  as  initial  results 

10  indicated  the  possibility  of  changes  in  some  thermograms  if  samples  were  allowed  to  age  for 

1 1  more  than  two  days. 

12  TPD  method 

13  For  this  study,  three  temperature  ramp  rates  (107min,  207min,  and  307min)  were  used 

14  for  each  sorbent  tested.  These  temperature  ramp  rates  were  chosen  based  on  machine  limitations 

15  (ramp  rates  from  10  to  1007min  in  10°  increments)  and  previous  work  conducted  by  Talley  et 

16  ah,  which  found  consistent  results  using  a  107min  temperature  ramp  rate.  For  all  temperature 

17  rates,  a  final  temperature  of  400°C  and  a  hold  time  of  900  seconds  were  used.  The  maximum 

1 8  temperature  of  400°C  was  chosen  to  ensure  desorption  was  as  complete  as  possible  (for  heavier 

19  weight  PAHs)  while  limiting  organic  sample  pyrolysis  [5], 

20  As  recommend  by  Talley  et  al.  [5],  all  sample  vials  were  generally  filled  to 

21  approximately  1/8  capacity  to  limit  interparticle-diffusional  influences.  Due  to  its  lower  density, 

22  kaolin  sample  vials  were  filled  with  slightly  greater  volume.  Internal  standards  (40  ppm 
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1  indeno(l,  2,  3-c,  d)pyrene  on  glass  beads)  were  run  at  the  beginning  and  end  of  each  day  to 

2  verify  that  the  instrument  was  functioning  properly. 

3  Data  processing  and  normalization 

4  The  raw  TPD  data  was  first  transformed  into  thennograms  for  each  PAH  mass  homolog 

5  using  Polaris  Q  Xcalibur  software  that  allows  for  the  selection  of  specific  mass  to  charge  (m/z) 

6  values.  The  mass  spectra  of  individual  mass  homologs  were  also  checked  with  the  NIST  Mass 

7  Spectral  Search  Program  (1998)  to  ensure  that  they  represented  the  expected  PAHs.  The  mass 

8  homolog  thermograms  were  then  normalized  by  dividing  each  intensity  value  by  the  total  area 

9  under  the  curve,  resulting  in  a  normalized  curve  with  a  total  area  of  one. 

10  Release  energy  value  calculation  methods 

1 1  The  starting  point  for  the  detennination  of  the  kinetic  parameters  order  (n),  desorption 

12  activation  energy  (E),  and  the  pre-exponential  factor  (v)  from  a  TPD  thermogram  is  the 

13  desorption  rate  equation.  Typically  the  Polanyi-Wigner  equation  [1 1]  is  used  to  model  the  rate  of 

14  thennal  desorption  from  a  surface  [12]. 

15  d0  =  -v(0)  0n  e'E(9)/RT  (1) 

16  dT 

17 

18  where  v  is  the  pre-exponential  factor  (sec'1),  E  is  the  desorption  activation  energy  (J/mol),  T  is 

19  temperature  (K),  and  R  is  the  universal  gas  constant  (J/mol-K),  9  is  the  adsorbate  coverage,  and  n 

20  is  the  desorption  order.  When  E  and  v  are  assumed  to  be  coverage  independent,  the  rate  of 

2 1  temperature  increase  is  constant,  and  coverage  is  assumed  to  correspond  to  concentration,  the 

22  Polanyi-Wigner  equation  simplifies  to  equation  2. 

dC  =  -y  Ce'E/RT 

dT  p 


23 

24 

25 


(2) 
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1  where  [!  is  the  temperature  ramp  rate  (K/sec).  In  order  to  build  upon  the  method  developed  by 

2  Talley  et  al.  [5],  equation  2  was  utilized  for  all  further  calculations. 

3  For  this  work,  equation  2  was  first  solved  analytically  for  C  (as  opposed  to  numerically 

4  for  dC  as  done  by  Talley  et  ah),  giving  equation  3: 

5  C  =  Co  exp  [  ki(T0e'k2/To  -  Te'k2/T)  +  k,k2  (  Ei  (k2/T)  -  Ei  (k2/T0)  )  ]  (3) 

6  where  C  is  concentration,  C0  is  initial  concentration,  T  is  the  temperature  (K),  T0  is  initial 

7  temperature,  ki  =  v/p,  k2  =  E/R,  and  Ei  is  the  exponential  integral.  For  all  model  calculations,  the 

8  initial  concentration  was  set  to  one  to  correspond  with  the  TPD  data  that  was  normalized  to  a 

9  total  concentration  of  one.  The  derivative  with  respect  to  temperature  (dC/dT)  was  then 

10  calculated  numerically  for  any  given  combination  of  E  and  v  values.  The  derivative  with  respect 

1 1  to  temperature  was  calculated  as  opposed  to  simply  the  change  in  concentration  (dC)  because, 

12  for  a  TPD  spectrum,  the  intensity  is  proportional  to  the  desorption  rate  [13].  Additionally,  using 

13  the  desorption  rate  ensures  that  the  analytical  solution  does  not  depend  on  the  temperature 

14  increment  chosen  for  input  into  the  model.  The  entire  analytical  model  was  then  programmed 

1 5  into  Matlab  for  user  ease. 

16  For  application  to  the  TPD  data,  E  ranged  from  20  kJ/mol  to  140  kJ/mol  to  encompass 

2 

17  the  range  of  values  found  by  Talley  et  al.  for  similar  mineral  sorbents  [6]  and  v  ranged  from  10 

18  to  1016to  include  the  values  calculated  from  experimental  data  [13].  The  model  was  then  applied 

19  to  thermograms  of  individual  mass  homologs.  The  total  squared  error  between  the  model  and  the 

20  data  was  calculated  for  each  combination  of  E  and  v  and  an  error  surface  was  generated  to  study 

21  how  the  error  varied  with  each  combination  and  determine  if  there  was  a  unique  set  of  E  and  v 

22  values  that  resulted  in  a  minimum  error. 
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1  Results 

2  In  order  to  detennine  if  the  analytical  solution  behaved  as  expected,  the  model  was  run 

3  with  E  =  60  kJ/mol,  v  =  106  sec-1  and  (1  =  10o/min  and  concentration  versus  time  and  desorption 

4  rate  versus  time  were  plotted.  These  values  for  E  and  v  were  chosen  because  they  represented 

5  the  midrange  for  both  parameters  and  gave  a  full  curve  in  the  experimental  temperature  range. 

6  As  expected,  the  concentration  begins  at  one  and  decreases  exponentially  to  zero  over  the  course 

7  of  the  desorption  process  and  dC/dT  resembles  a  TPD  thermogram  with  a  total  area  of  one,  as 

8  shown  in  Figure  2.  The  effects  of  separately  varying  E  and  v  were  also  studied  and  it  was  found 

9  that  when  E  was  increased,  the  desorption  rate  curve  shifted  to  the  right,  decreased  in  magnitude 

10  and  became  wider.  Increasing  v  shifted  the  desorption  curve  to  the  left,  increased  its  magnitude 

1 1  and  caused  it  to  become  more  narrow,  illustrated  in  Figure  3.  This  agrees  with  the  compensation 

12  effect  observed  in  many  other  studies,  namely  as  E  rises  or  falls,  v  changes  in  the  same  direction 

13  resulting  in  the  term  v  e'E/RT remaining  relatively  constant  [14]  [15]  [16]. 

14  When  the  analytical  model  was  applied  to  TPD  data  for  glass  beads,  sand  and  kaolin,  the 

15  results  for  each  of  the  geosorbents  were  very  similar.  For  this  reason,  the  results  will  focus  on 

16  glass  beads  mass  homolog  228  and  note  any  differences  found  for  sand  or  kaolin,  also  mass 

17  homolog  228. 

18  For  E  ranging  from  20  kJ/mol  to  140  kJ/mol  and  a  v  range  of  10“  to  10  sec"  ,  the  error 

19  surfaces  for  each  of  the  temperature  ramp  rates  (10o/min,  207min  and  307min)  are  very  similar 

20  in  shape  with  the  magnitude  of  the  error  decreasing  with  increasing  temperature  ramp  rate.  The 

2 1  error  surface  reveals  a  clear  valley  that,  when  viewed  from  above,  shows  a  nearly  linear 

22  relationship  between  E  and  v  for  minimum  error  values,  shown  in  Figure  4.  This  valley  has  a 

23  lumpy  bottom  for  glass  beads,  leading  to  many  combinations  of  E  and  v  that  give  similar  error 
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1  values.  It  should  be  noted  that  even  though  there  are  local  minima  for  the  glass  beads  results,  the 

2  difference  between  the  values  is  not  substantial  enough  to  overcome  the  variation  between 

3  replicate  TPD  runs.  For  the  sand  and  kaolin,  the  valley  has  a  smooth  bottom,  making  the 

4  determination  of  even  local  error  minimums  impossible.  The  planes  on  either  side  of  the 

5  valley/peak  area  occur  because  the  model  curves  for  those  combinations  of  E  and  v  become  flat 

6  lines  for  the  experimental  temperature  range  of  303  K  to  773  K,  leading  to  a  constant  error. 

7  The  error  results  were  studied  at  smaller  E  and  v  intervals  around  areas  of  low  error  to 

8  determine  if  the  problem  was  resolution.  This  simply  resulted  in  the  identification  of  several 

9  model  curves  with  very  close  error  values,  as  shown  in  Figure  5. 

10  Discussion 

1 1  The  analytical  model  does  not  provide  a  unique  set  of  E  and  v  values  when  fit  to  actual 

12  TPD  thennograms.  Rather,  it  provides  a  series  of  pairs  of  values  that  result  in  similar  total  error 

13  when  compared  to  TPD  data.  This  makes  it  difficult  to  detennine  a  distinct  release  energy  value 

14  for  any  of  the  PAH  mass  homologs  on  any  of  the  studied  geosorbents,  indicating  that  this  method 

15  cannot  be  used  by  itself  to  calculate  release  energy  values.  There  may  also  be  further  problems 

16  concerning  both  the  assumption  of  coverage  independence  of  E  and  v  and  the  Polanyi-Wigner 

17  equation’s  neglect  of  the  simultaneous  process  of  adsorption. 

18  It  has  been  found  that  for  desorption  from  single  crystal  surfaces,  E  and  v  vary  strongly 

19  with  surface  coverage,  often  due  to  the  adsorbate  lateral  interactions  that  can  lead  to  multiple 

20  binding  sites  [15].  Zhdanov  found  changes  in  E  exceeding  approximately  40  kJ/mol  (10 

21  kcal/mol)  and  variation  in  v  of  three  or  more  orders  of  magnitude  [17].  Seebauer  also  found 

22  changes  in  v  of  up  to  six  orders  of  magnitude  and  noted  the  importance  of  determining  the 

23  coverage  dependence  ofv,  especially  for  systems  with  higher  coverage  [14].  It  has  also  been 
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1  noted  recently  that  typical  treatment  of  TPD  data  using  the  Polanyi-Wigner  approach  (which  is 

2  based  on  the  absolute  rate  theory  and  assumes  equilibrium  between  adsorbing  species  and  the 

3  substrate  [18])  eliminates  the  adsorption  term  from  the  adsorption  rate  equation  and  may  thus  be 

4  missing  the  simultaneous  presence  of  adsorption  and  desorption  [19].  This  may  be  impacting  the 

5  interpretation  of  TPD  data.  Both  of  these  issues  suggest  that,  especially  for  geosorbent  systems 

6  that  are  more  complex  than  metal  catalyst-gas  systems,  approaches  that  do  not  address  coverage 

7  dependence  or  the  presence  of  adsorption  may  not  be  used  alone  to  determine  release  energy 

8  values. 

9  Future  work  is  needed  to  evaluate  both  the  differential  approach  (if  the  required 

10  temperature  ramp  ranges  and/or  coverage  variations  can  be  achieved  experimentally)  and  the 

1 1  statistical  rate  theory  (SRT)  approach  to  calculate  E  and  v.  The  differential  or  Arrhenius 

12  approach  uses  only  the  initial  portion  of  the  TPD  thermogram  where  E  and  v  are  relatively 

13  constant  and  may  thus  be  used  to  provide  an  estimate  of  these  desorption  parameters.  The 

14  equations  developed  using  SRT  have  been  found  to  predict  TPD  spectra  for  several  metal-gas 

15  systems  and  appear  to  explicitly  include  all  the  necessary  coverage  and  temperature  dependence 

16  of  the  desorption  parameters  [18]  so  they  may  also  be  applicable  to  well  characterized 

17  geosorbent  systems. 

18  Conclusions 

19  The  analytical  solution  to  the  simplified  Polanyi-Wigner  equation  has  been  used  to 

20  calculate  release  energy  values  of  PAHs  from  several  geosorbents.  This  method  results  in  a 

21  series  of  combinations  of  E  and  v  values  that  produce  desorption  rate  curves  with  similar  errors 

22  when  compared  to  real  TPD  data  sets.  These  combinations  of  E  and  v  values  can  be  viewed  as 

23  an  error  surface,  which  contains  a  valley  of  minimum  errors.  This  valley  spans  the  range  of  E 
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1  and  v  values,  indicating  that  this  method  alone  cannot  be  used  to  determine  a  unique  set  of  E  and 

2  v  values. 

3  This  approach  and  its  results  are  important  for  two  main  reasons.  First,  the  modeling 

4  approach  is  important  because  it  allows  for  a  global  view  of  the  non-linear  fit  and  reveals  the 

5  difficulty  in  determining  a  best  fit  solution,  whereas,  on  a  smaller  scale  it  might  seem  that  a  true 

6  minimum  model  error  had  been  found  and  a  unique  set  of  E  and  v  values  determined.  Second, 

7  the  results  suggest  that  the  simplified  version  of  the  Polanyi-Wigner  equation  is  not  adequate  for 

8  calculating  desorption  parameters  from  TPD  thermograms  and  indicate  that,  as  suggested  in 

9  many  reviews  of  TPD  methods,  the  coverage  dependence  of  both  E  and  v  must  be  addressed. 

10  Therefore,  future  work  will  focus  on  determining  if  differential  methods  and  the  SRT  approach 

1 1  can  be  used  to  estimate  E  and  v  for  similar  geosorbent  systems  and  then  be  applied  to  carbon 

12  containing  materials  and  real  soils  and  sediments.  Future  work  will  also  seek  to  ascertain  if 

13  exact  release  energy  values  can  be  calculated  for  sorbent  systems  that  may  not  be  as  easily 

14  characterized  as  the  metal  catalyst-gas  systems  that  have  been  used  to  develop  most  of  the 

15  calculation  techniques. 
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Table  1  PAH  Mass  Homologs 


Mass  Homolog 

Compound 

128 

naphthalene 

152 

acenaphthylene 

154 

acenaphthene 

166 

fluorene 

178 

phenanthrene,  anthracene 

202 

fluoranthene,  pyrene 

228 

benzo(a)anthracene,  chrysene 

benzo(b)fluoranthene,  benzo(k)fluoranthene, 

252 

benzo(a)pyrene 

276 

benzo(g,h,i)perylene,  indeno(1 ,2,3-c,d)pyrene 

278 

dibenzo(a,h)anthracene 
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Figure  Legends 

Figure  1 .  Schematic  of  thermal  program  desorption  mass  spectrometer  with 
direct  insertion  probe  with  sample  crucible  placed  inside. 

Figure  2  -  Analytical  model  for  E  =  60  kJ/mol,  v  =  106  sec'1,  p  =  10o/min.  a)  Normalized 
Concentration  versus  temperature,  b)  Desorption  Rate  versus  temperature. 

Figure  3  -  Analytical  model  variation  of  E  andv,  p  =  107min.  a)  v  =  106  sec'1,  E  varied, 
illustrates  shift  towards  the  right  with  increasing  E,  b)  E  =  60  kJ/mol,  v  varied,  illustrates  shift 
towards  the  left  with  increasingv. 

Figure  4  -  Glass  beads  mass  homolog  228,  p  =  107min,  E  =  30-130  kJ/mol  (the  range  has  been 
limited  due  to  Matlab  plotting  limitations,  error  values  between  20-30  kJ/mol  and  130-140 
kJ/mol  were  greater  than  those  between  30-130  kJ/mol),  v  =  10"  -  10  sec'  .  a)  Error  surface 
full  view  showing  error  valley,  b)  Error  surface  top  view  showing  linear  trend  in  error  with  E  and 
v,  c)  Error  surface  side  view  showing  bottom  of  error  valley.  E  in  kJ/mol  and  v  in  sec'1. 

Figure  5  -  Three  analytical  model  results  show  similar  curves  and  error  values  when  fit  to  TPD 
thennogram  for  glass  beads  mass  homolog  228,  P  =  107min.  Error  for  curve  1,  2  and  3  is  2.91E' 
3,  2.12E'3  and  3.19E'3,  respectively. 
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Figure  5 


Appendix  VII. 


The  Effects  of  Dose  and  Particle  Size  on  Activated  Carbon 
Treatment  to  Sequester  PCBs  and  PAHs  in  Marine  Sediments. 

J.R.  Zimmerman,  D.  Werner,  U.  Ghosh,  R.N.  Millward,  T.S. 

Bridges,  R.G.  Luthy. 
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ABSTRACT 

Recent  laboratory  studies  show  that  mixing  activated  carbon  with  contaminated  sediment  reduces 
the  chemical  and  biological  availability  of  hydrophobic  organic  contaminants.  In  this  study  we  test 
the  effects  of  varying  the  activated  carbon  dose  and  particle  size  in  reducing  the  aqueous 
availability  of  polychlorinated  biphenyls  (PCBs)  and  polycylic  aromatic  hydrocarbons  (PAHs)  and 
the  uptake  of  PCBs  by  two  benthic  organisms.  We  mixed  PCB-  and  PAH-contaminated  sediment 
from  Hunters  Point  Naval  Shipyard  San  Francisco  Bay,  CA,  USA,  for  one  month  with  activated 
carbon,  at  doses  of  0.34%,  1.7%  and  3.4%,  dry  mass  basis.  We  found  that  increasing  the  carbon 
dose  increased  the  effectiveness  in  reducing  PCB  bioaccumulation.  In  56-d  uptake  tests  with  the 
benthic  organisms  Neanthes  arenaceoclentata  and  Leptocheirus  plumulosus  PCB  bioaccumulation 
was  reduced  by  93%  and  90%,  respectively,  with  3.4%  carbon.  Increasing  the  dose  also  increased 
the  effectiveness  in  reducing  PCB  and  PAH  aqueous  concentrations  and  uptake  by  semi-permeable 
membrane  devices  and  quiescent  flux  of  PCBs  to  overlying  water.  Decreasing  activated  carbon 
particle  size  increased  treatment  effectiveness  in  reducing  PCB  aqueous  concentration,  while 
larger-sized  activated  carbon  (400-1700  pm)  was  ineffective  with  a  contact  period  of  one  month. 
We  invoke  a  numerical  model  based  on  intraparticle  diffusion  in  sediment  and  activated  carbon 
particles  to  help  interpret  our  experimental  results.  This  model  was  useful  in  explaining  the  trends 
for  the  effect  of  activated  carbon  dose  and  particle  size  on  PCB  aqueous  concentrations  in  well- 
mixed  systems. 
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INTRODUCTION 

Several  studies  have  investigated  the  possibility  of  adding  carbonaceous  sorbents  to  sediment  to 
reduce  the  bioavailability  of  hydrophobic  organic  contaminants.  Kosian  et  al.  [1]  showed  that 
mixing  Ambersorb  1500  resin  with  spiked  sediment  reduced  fluoranthene  pore  water 
concentrations  and  bioaccumulation  by  the  oligochaete  Lumbriculus  variegatus.  West  et  al.  [2] 
found  that  contacting  Ambersorb  resin  with  contaminated  field  sediment  reduced  PAH  pore  water 
concentrations  and  body  burdens  in  L.  variegatus.  Lebo  et  al.  [3]  showed  that  organic  contaminant 
bioavailability  was  reduced  to  a  much  greater  degree  by  Ambersorb  and  coconut  charcoal  that  was 
finely  ground  compared  to  the  same  sorbents  left  whole  (coarse).  This  group  also  used  low-density 
polyethylene  membranes  and  semi  permeable  membrane  devices  (SPMDs)  to  remove  contaminants 
from  spiked  sediments  and  found  that  contaminants  were  removed  to  a  much  greater  degree  by 
LDPE  membranes,  which  had  a  factor  of  21  greater  surface  area  than  SPMDs  of  comparable  mass 
[4]. 

Our  recent  work  showed  that  mixing  3.4%  activated  carbon  for  one  month  with  contaminated 
sediment  from  Hunters  Point,  San  Francisco  Bay,  CA,  USA,  reduced  the  bioaccumulation  of 
polychlorinated  biphenyls  (PCBs)  in  Neanthes  arenaceodentata  (worm)  and  Leptocheirus 
plumulosus  (amphipod)  by  82%  and  70%,  respectively,  and  Macoma  balthica  (clam)  by  69%  to 
78%  [unpublished  data  R.G.  Luthy,  Stanford  University,  Stanford,  CA,  USA]  relative  to  untreated 
sediment  in  28-d  bioaccumulation  tests.  Six-months  contact  time  of  activated  carbon  with  sediment 
showed  further  benefit  in  reduced  PCB  bioaccumulation  by  N.  arenaceodentata  and  L.  plumulosus 
in  28-d  tests  by  achieving  87%  and  75%,  reductions  respectively.  Physicochemical  tests  with  the 
same  activated  carbon-treated  and  untreated  sediment  showed  92%  and  83%  reductions  in  aqueous 
equilibrium  PCB  and  polycyclic  aromatic  hydrocarbon  (PAH)  concentrations,  reductions  in  PCB 
and  PAH  uptake  by  semi-permeable  membrane  devices  (SPMD)  of  77%  and  83%,  respectively, 
and  reductions  in  PCB  flux  to  overlying  water  in  quiescent  systems  up  to  89%  [5] .  Controlled, 
particle -feeding  studies  confirmed  very  low  assimilation  efficiency  by  M.  balthica  for 
benzo(a)pyrene  and  22'55'-tetrachlorobiphenyl  spiked  onto  powdered  activated  carbon  compared  to 
other  forms  of  particulate  organic  matter  [6]. 
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In  the  present  study  we  continue  to  explore  the  effects  of  activated  carbon  addition  on  reducing 
bioavailability  of  persistent  organic  contaminants  through  investigation  of  how  the  dose  of 
activated  carbon  affects  the  reduction  in  PCB  bioaccumulation  and  the  availability  of  PCBs  and 
PAHs  to  the  aqueous  phase.  In  addition,  we  study  the  effects  of  varying  activated  carbon  particle 
size  on  reducing  aqueous  PCB  concentrations  and  employ  a  numerical  model  to  help  interpret  the 
results. 


EXPERIMENTAL  METHODS 

Physicochemical  tests 

Activated  carbon.  We  used  two  activated  carbon  types  in  this  study,  TOG  and  F400,  whose 
properties  are  summarized  in  Table  1.  Total  carbon  measurements  of  the  activated  carbons  were 
performed  by  Huffman  Labs  (Golden,  CO,  USA).  Other  parameters  were  based  on  manufacturer 
specifications.  Activated  carbon  was  boiled  in  water  for  5  minutes  prior  to  use  to  remove  any  air 
pockets  in  pores. 

Sediment-carbon  contact:  Test  series  1-variable  activated  carbon  dose.  A  composite  sediment 
sample  was  obtained  from  the  intertidal  region  in  South  Basin,  adjacent  to  the  former  landfill  at 
Hunters  Point  Naval  Shipyard,  San  Francisco  Bay,  CA,  as  described  previously  [7].  We  measured 
9. 9+0. 9  mg/kg  total  PCBs  in  a  composite  sample  from  the  site.  Total  PAH  concentration  for  this 
sediment  was  8+1  mg/kg  [7].  Wet  Hunters  Point  sediment,  equivalent  to  approximately  3.8  kg  dry 
mass,  was  placed  in  one  gallon  glass  roller  bottles,  followed  by  addition  of  activated  carbon  and 
approximately  300  mL  of  seawater  at  17  parts  per  thousand  (%c)  salinity.  Four  different  treatments 
were  set  up:  untreated  sediment  and  sediment  with  TOG  carbon  added  at  0.2,  1.0,  and  2.0  times  the 
existing  sediment  total  organic  carbon  content  of  1.7%  (0.34%,  1.7%  and  3.4%,  dry  mass  basis). 
Bottles  were  rolled  at  approximately  3  rpm  for  28  d.  At  the  end  of  the  contact  period,  wet  sediment 
was  shipped  to  the  Environmental  Research  and  Development  Center,  Vicksburg,  MS,  USA  for 
bioaccumulation  tests.  Approximately  250  g  of  each  sediment  was  placed  in  amber  glass  bottles 
and  stored  in  a  cold  room  at  4°C  for  use  in  physicochemical  tests. 
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Sediment-carbon  contact:  Test  series  2-variable  activated  carbon  particle  size.  Contact 
experiments  were  set  up  with  TOG  and  F400  activated  carbon  to  test  the  effects  of  variable 
activated  carbon  particle  size  in  reducing  aqueous  availability.  Coarse  (uncrushed)  TOG  (75-300 
(im)  carbon  was  used  as  a  baseline  for  the  degree  of  reduction  in  aqueous  availability.  We  crushed 
and  sieved  a  portion  of  the  TOG  carbon  to  obtain  a  fraction  <75  pm,  which  we  refer  to  as  “TOG 
fine.”  Carbon  type  F400  (size  range  400-1700  pm),  is  much  larger  than  TOG  (75-300  pm).  To 
assess  differences  in  treatment  effectiveness  due  to  particle  size  rather  than  differences  in  the 
carbon  characteristics  (e.g.,  porosity,  specific  surface  area),  we  crushed  and  sieved  F400  carbon  to 
75  -  250  pm,  which  is  within  the  same  particle  size  range  as  TOG.  The  uncrushed  F400  is  referred 
to  as  “F400  granular,”  and  the  crushed  F400  is  referred  to  as  “F400  coarse.”  A  total  of  five 
different  treatments  were  set  up:  untreated  sediment  (control)  and  sediment  contacted  with  TOG 
coarse,  TOG  fine,  F400  granular,  and  F400  coarse  activated  carbon,  all  at  3.4%,  dry  mass  basis. 

Approximately  18  g  wet  sediment  was  added  to  20  mL  glass  vials,  followed  by  TOG  or  F400 
carbon  and  a  small  amount  of  17%c  seawater  with  lg/L  sodium  azide,  leaving  approximately  1  mL 
headspace,  and  sealed  with  Teflon- lined  caps.  The  vials  were  rotated  end  over  end  at  18  rpm  for 
28d.  At  the  end  of  the  contact  period,  sediment/carbon  slurries  were  transferred  to  780  mL  glass 
centrifuge  tubes  for  aqueous  PCB  concentration  measurements.  Previous  tests  with  75-300  mm 
TOG  carbon  showed  further  improvement  in  aqueous  concentration  reduction  with  contact  period 
of  6  months  for  well-mixed  systems. 

Semi- Permeable  Membrane  Device  (SPMD).  The  SPMDs  are  a  biomimetic  tool  used  to  assess  the 
chemical  and  biological  availability  of  hydrophobic  organic  contaminants  in  sediment  and  water  [8- 
11].  In  this  work  SPMDs  were  used  to  study  the  effect  of  activated  carbon  on  reducing  the  aqueous 
availability  of  PCBs  and  PAHs.  Our  experimental  method  followed  that  described  previously  [5]. 
Untreated  sediment  and  sediment  contacted  with  0.34%,  1.7%,  and  3.4%  TOG  carbon  from  Test  1 
was  placed  in  40  mL  vials,  followed  by  17%c  seawater  with  lg/L  sodium  azide,  leaving 
approximately  1  mL  headspace.  The  mass  of  wet  sediment  used  in  each  vial  averaged  11.8  +  0.4  g. 
The  vials  were  rotated  end  over  end  at  approximately  18  rpm  for  14  d.  SPMDs  were  then  removed 
from  vials,  cleaned  with  1  N  hydrochloric  acid,  rinsed  with  deionized  water,  acetone  and  isopropyl 
alcohol  and  air  dried,  and  then  dialyzed  with  hexane  to  extract  PCBs  and  PAHs. 
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Quiescent  flux.  Diffusive  PCB  flux  from  contaminated  sediment  was  measured  in  quiescent 
systems  with  untreated  sediment  and  sediment  contacted  with  0.34%,  1.7%,  and  3.4%  TOG  carbon 
from  Test  1.  The  experimental  procedure  followed  that  described  previously  [5],  wherein  sediment 
was  added  to  250  mL  beakers,  followed  by  17%o  seawater  with  lg/L  sodium  azide.  Water  and 
sediment  were  stirred,  then  solids  were  allowed  to  settle  and  stainless  steel  mesh  baskets  filled  with 
XAD  resin  beads  were  suspended  above  the  sediment.  The  beakers  were  covered  and  placed  in  a 
dark  cabinet  for  36  d.  At  the  end  of  the  quiescent  flux  period,  the  baskets  were  removed  from  the 
beakers  without  disturbing  the  sediment,  and  the  XAD  beads  were  removed  and  extracted  with 
l:lhexane:acetone,  then  hexane.  Extracts  were  concentrated,  cleaned  and  analyzed  for  PCBs  as 
described  below.  Stainless  steel  baskets  with  clean  XAD  beads  were  placed  in  the  beakers  for 
another  flux  period  of  131  d  (four  months),  after  which  PCBs  were  extracted  and  analyzed  as  in  the 
36-d  flux  experiment. 

Aqueous  concentration:  Test  series  1-variable  activated  carbon  dose.  Equilibrium  aqueous  PCB 
and  PAH  concentrations  were  measured  for  untreated  sediment  and  sediment  contacted  with 
0.34%,  1.7%,  and  3.4%  TOG  carbon  from  Test  1.  Approximately  100  g  of  treated  or  untreated 
sediment  was  added  to  1.9  L  bottles  with  17%o  seawater  and  1  g/L  sodium  azide  and  then  rotated  on 
a  bottle  roller  at  approximately  3  rpm  for  14  d.  At  the  end  of  this  period  the  bottles  were  removed 
from  the  roller  and  the  solids  allowed  to  settle  and  clear  supernatant  transferred  to  780  mL 
centrifuge  bottles.  2.5  mL  of  0.1  M  alum  solution  and  0.8  mL  of  1  N  NaOH  were  then  added  to 
each  centrifuge  bottle  and  shaken  gently  to  promote  flocculation  and  then  centrifuged  at  700  g  for 
15  min  [5].  Supernatant  was  transferred  to  a  separatory  funnel  and  extracted  three  times  with 
hexane  using  a  modified  version  of  U.S.  EPA  SW  846  Method  3510  [12].  The  combined  extracts 
were  dried  with  anhydrous  sodium  sulfate  and  concentrated  to  approximately  40  mL  using  a  rotary 
evaporator  and  then  1  mL  using  nitrogen  blowdown.  The  1  mL  sample  was  cleaned  and  analyzed 
for  PCBs  and  PAHs  using  the  methods  described  below. 

Aqueous  concentration:  Test  series  2-variable  activated  carbon  particle  size.  Lor  Test  2, 
approximately  30  g  of  untreated  or  TOG-  or  L400-treated  wet  sediment  was  placed  in  780  mL  glass 
bottles  with  17%o  seawater  and  lg/L  sodium  azide.  The  bottles  were  rotated  at  approximately  3 


rpm  on  a  roller  for  14  d  then  centrifuged  at  700  g  for  15  min.  Colloid  removal  by  flocculation, 
extraction  and  cleanup,  and  PCB  measurements  followed  the  procedures  described  above  for  Test 
1. 
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PCB  and  PAH  analysis.  Hexane  extracts  from  aqueous  equilibrium,  SPMD  dialysis,  and  quiescent 
flux  experiments  were  cleaned  using  silica  gel  and  analyzed  for  PCBs  by  congener  and  PAHs  (16 
Priority  Pollutant  List  PAHs)  by  gas  chromatography-electron  capture  detection  (GC-ECD)  and  gas 
chromatography-flame  ionization  detection  (GC-FID),  respectively,  following  U.S.  EPA  SW-846 
Methods  3630C,  8082  and  8100  [12],  as  described  by  Ghosh  et  al.  [7]. 

Biological  Tests 

PCB  bioaccumulation.  PCB  bioaccumulation  in  N.  arenaceodentata  and  L.  plumulosus  was 
studied  using  56-d  sediment  toxicity  protocols,  following  methods  described  elsewhere 
[unpublished  data  R.G.  Luthy,  Stanford  University,  Stanford,  CA,  USA].  Twenty- five  2-d  old  L. 
plumulosus  were  placed  in  1  L  beakers  containing  wet  sediment  (approximately  100  g  dry  weight) 
and  725  mL  of  20 %c  artificial  seawater.  Overlying  water  was  aerated  gently,  with  50%  water 
exchange  three  times  each  week.  Leptocheirus  plumulosus  were  fed  after  each  50%  water  change. 
In  tests  with  N.  arenaceodentata ,  ten  2-wk  old  worms  were  placed  in  1  L  beakers  containing 
sediment  and  725  mL  of  309%  artificial  seawater.  Neanthes  arenaceodentata  were  fed  twice  a 
week  after  each  water  exchange. 

Prior  to  PCB  body  burden  analysis,  L.  plumulosus  were  removed  from  the  sediment  and  allowed  to 
clear  gut  contents  for  2-4  hr.  The  mean  gut  passage  time  for  L.  plumulosus  is  about  1.5  hr  [13] 
with  about  3hr  sufficient  for  most  amphipods  to  clear  their  guts  [14].  Neanthes  arenaceodentata 
were  allowed  to  clear  their  gut  contents  overnight  in  30 %c  artificial  seawater,  after  which  all 
remaining  ingested  sediment  was  removed  by  applying  gentle  rearward  pressure  along  the  digestive 
tract. 

PCB  analyses.  PCB  tissue  concentrations  were  analyzed  using  a  procedure  based  on  standard  U.S. 
EPA  methods  but  adapted  to  utilize  smaller  (<100  mg)  wet  weights  of  tissue  [unpublished  data 
R.G.  Luthy,  Stanford  University,  Stanford,  CA,  USA] .  Tissue  samples  were  extracted,  cleaned, 
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concentrated  and  analyzed  using  modified  versions  of  U.S.  EPA  SW-846  Methods  3550B,  3630C 
and  8270  [12]  for  31  PCB  congeners  present  in  both  tissue  and  sediment  above  detection  limits. 

Numerical  mass  transfer  model 


A  mass  transfer  model  was  developed  to  simulate  contaminant  desorption  from  sediment  and 
uptake  by  activated  carbon  in  mixed  systems.  A  numerical  scheme  described  by  Wu  and 
Gschwend  [15]  was  adapted  to  simulate  the  intraparticle  diffusive  release  of  contaminants  from  two 
sediment  domains,  comprising  low  density,  carbonaceous  sediment  particles  and  high  density, 
mineral  sediment  particles,  and  the  diffusive  uptake  by  activated  carbon  particles.  Wu  and 
Gschwend  [15]  used  a  numerical  model  to  investigate  the  effect  of  particle  size  distributions  on 
sorption  dynamics,  thus  facilitating  the  necessary  adaptations  for  our  model,  which  also 
distinguishes  between  different  particle  types.  The  governing  equation  for  sorption-retarded 
intraparticle  diffusion  in  radial  coordinates  is: 

dS(r)  =  D  d2S(r)  2  8S(r)l 
dt  eJJ  dr 2  r  dr 


where  S( r)  is  the  total  local  volumetric  concentration  varying  as  a  function  of  radial  distance,  r, 
from  the  center  of  light  or  heavy  sediment  particles  or  activated  carbon  particles,  and  t  is  time.  For 
the  sediment  particles  we  obtain  apparent  diffusive  release  rates  from  desorption  data  presented  in 
our  earlier  work  [5].  For  activated  carbon,  we  estimate  Def  according  to  [15]. 


D 


Dn 2 


eff 


(1  -  n)psK  +n 


where  Dm  is  the  aqueous  solution  molecular  diffusivity,  Kp  is  the  equilibrium  sorption  partition 
coefficient,  n  is  the  particle  porosity,  and  pv  is  the  dry  solid  density.  The  change  in  aqueous  phase 
PCB  concentration  is  given  by 


dC 

dt 


Y_h_d_  _3_  r*„ 

V  dt[Rh3 


r2Sh(r)dr 


V,d_ 
V  dt 


A|V.S,(rWr 


v^± 

V  dt 
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where  Vi„  V/  and  Vac  are  the  total  volumes  of  the  heavy  and  light  sediment  particles  and  the 
activated  carbon  particles,  V  is  the  volume  of  the  solution,  C  is  the  aqueous  PCB  concentration, 
and  Rh,  Rt  and  RAc  are  the  radii  of  the  heavy  and  light  sediment  particles  and  the  activated  carbon 
particles. 
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The  simulated  contaminant  concentration  on  the  external  surface  of  each  particle  type  is  assumed  to 
be  in  linear  partitioning  equilibrium  with  the  external  aqueous  phase,  which  is  well-mixed.  Linear 
partitioning  is  assumed  because  we  are  examining  change  in  aqueous  concentration  at  low  levels 
over  a  concentration  range  spanning  less  than  about  two  orders  of  magnitude.  For  each  time  step 
the  algorithm  calculates  the  amount  of  contaminant  diffusing  out  of  the  two  sediment  domains  and 
into  the  activated  carbon  based  on  the  concentration  gradients  within  the  particles.  Using  a  mass 
balance,  these  fluxes  determine  the  concentration  change  in  the  bulk  aqueous  phase. 

The  model  requires  a  total  of  16  input  parameters  to  simulate  the  mass  transfer  of  a  PCB  congener 
in  sediment/activated  carbon  contact  experiments.  These  parameters  were  obtained  for  22'455'- 
PCB  (PCB  101)  and  23'44'5-PCB  (PCB  11 8)  from  experimental  and  literature  data.  For  the 
sediment  domains  linear  partitioning  coefficients  and  apparent  diffusive  release  rates  (Dej/R  )  were 
derived  from  experimental  data  for  PCB  distribution  between  light  and  heavy  sediment  particles 
comprising  two  sorption  domains  with  different  rates  of  PCB  release  [7].  For  activated  carbon,  the 
linear  partitioning  coefficients  were  taken  from  Jonker  and  Koelmans  [16],  and  apparent 
diffusivities  were  estimated  using  equation  2,  above.  For  the  different  activated  carbon  particle 
sizes,  the  radius  was  taken  as  half  the  value  of  the  geometric  mean  of  the  upper  and  lower  limits  of 
the  particle  diameters.  This  is  a  reasonable  choice  for  a  first  approximation  if  the  particle  size 
distribution  is  confined  to  a  narrow  range  [15].  Particle  size  ranges  and  corresponding  radii  for  use 
in  model  simulations  are  shown  in  Tables  2  and  3.  For  powdered  TOG  carbon  (<  75  (im),  the 
lower  limit  was  estimated  as  25  (im  because  the  majority  of  these  particles  were  larger  than  this. 
PCBs  101  and  118  were  chosen  for  the  numerical  modeling  because  they  were  found  in  measurable 
quantities  in  Hunters  Point  sediment  and  in  the  aqueous  phase  in  equilibrium  experiments  and 
measured  Kac  values  were  available  for  both  (log  Kp= 9.18  (L/kg  carbon)  for  PCB  101  and  log 
Kp= 9.45  for  PCB  118)  [16].  A  more  complete  description  of  the  model,  including  the  input 
parameters  used  and  the  validity  of  the  model  assumptions,  is  available  elsewhere  [D.  Werner, 
School  of  Civil  Engineering  and  Geosciences,  University  of  Newcastle  upon  Tyne,  UK]. 

RESULTS  AND  DISCUSSION 

Physicochemical  and  bioaccumulation  tests:  Test  series  1-variable  activated  carbon  dose. 


9 


Figures  la  and  lb  show  the  total  PCB  and  total  PAH  aqueous  concentrations  for  untreated 
sediment  and  sediment  contacted  with  0.34%,  1.7%,  and  3.4%  75-300  qm  TOG  carbon  for  one 
month.  The  figures  show  a  definite  dose  response  in  that  increasing  the  carbon  dose  decreases  the 
aqueous  concentration  of  both  PCBs  and  PAHs.  In  the  case  of  PCBs  the  aqueous  concentrations 
are  gradually  reduced  by  44%,  74%,  and  87%,  with  increasing  dose.  There  is  an  81%  reduction  in 
aqueous  PAHs  with  1.7%  carbon  and  no  statistically  significant  change  with  further  increase  in 
carbon  dose  to  3.4%.  The  reductions  of  the  aqueous  concentrations  vary  for  the  individual  PCB 
and  PAH  compounds.  For  both  PCBs  and  PAHs,  aqueous  concentrations  of  the  less  hydrophobic 
compounds  are  reduced  to  a  greater  extent  than  that  for  the  more  hydrophobic  compounds.  This 
trend  is  illustrated  for  the  PCB  homologs  in  Figure  2.  For  the  highest  dose  of  carbon, 
tetrachlorobiphenyl  aqueous  concentration  is  reduced  by  99%  compared  to  76%  for 
heptachlorobiphenyls.  Lebo  et  al.  [3]  found  for  PAH-spiked  sediments  that  activated  carbon 
addition  reduced  the  bioavailability  of  naphthalene  more  than  that  for  phenanthrene.  Thus,  the 
repartitioning  of  the  PCBs  from  sediment  to  activated  carbon  appears  to  be  faster  for  the  lower 
chlorinated  and  less  hydrophobic  congeners  compared  to  the  higher  chlorinated  and  more 
hydrophobic  congeners.  In  our  previous  work  using  only  the  highest  dose  of  carbon  we  showed 
that  with  longer  time,  there  is  further  reduction  of  aqueous  equilibrium  PCB  concentrations  for  the 
hexa  and  heptachlorobiphenyls  [5].  Thus,  the  aqueous  concentration  reduction  differences  among 
homolog  groups  may  be  a  matter  of  slower  mass  transfer  kinetics. 

Figure  3  shows  the  effect  of  carbon  dose  on  the  PCB  homolog  mass  uptake  in  SPMDs.  The  uptake 
of  PCBs  by  SPMD  is  reduced  by  17%,  45%  and  73%  with  increasing  activated  carbon  dose.  For 
SPMD  uptake  also,  the  carbon  treatment  is  more  effective  for  the  lower  chlorinated  PCBs  than  the 
higher  chlorinated  PCBs  for  the  1-month  contact  time  test.  The  uptake  of  tetrachlorobiphenyls  in 
SPMD  is  reduced  by  91%  for  the  highest  carbon  dose  compared  to  56%  for  heptachlorobiphenyls 
with  the  same  carbon  dose.  The  effect  of  activated  carbon  dose  on  PAH  uptake  by  SPMD  is  shown 
in  Figure  4.  Although  aqueous  PAH  concentration  was  not  affected  significantly  by  increasing  the 
activated  carbon  dose  from  1.7%  to  3.4%,  the  uptake  in  SPMDs  was  decreased  further.  Figure  5 
shows  similar  trends  for  quiescent  flux  experiments,  for  which  the  release  of  PCBs  to  overlying 
water  is  reduced  to  a  greater  degree  with  increasing  activated  carbon  dose.  The  same  trend  of 
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reducing  PCB  aqueous  flux  with  increasing  carbon  dose  is  seen  for  the  first  one  month  and  also  for 
the  period  between  1-5  months. 

The  results  of  56-d  PCB  bioaccumulation  tests  using  N.  arenaceodentata  and  L.  plumulosus  are 
shown  in  Figure  6.  Both  species  exhibit  a  clear  dose  response  in  decreasing  PCB  body  burdens 
with  increasing  activated  carbon  additions.  For  N.  arenaceodentata  statistically  significant 
reductions  in  PCB  uptake  of  87%  and  93%  were  observed  for  the  1.7%  and  3.4%  dose  of  activated 
carbon.  For  L.  plumulosus  statistically  significant  reductions  in  PCB  uptake  of  73%,  77%  and  90% 
were  observed  for  activated  carbon  doses  of  0.34%,  1.7%,  and  3.4%  respectively. 

We  conclude  from  both  physicochemical  and  bioaccumulation  tests  using  sediment  contacted  with 
varying  activated  carbon  doses  that  increasing  the  carbon  dose  increased  treatment  effectiveness,  as 
evidenced  by  reductions  in  aqueous  PCB  and  PAH  concentration,  PCB  and  PAH  uptake  by  SPMD, 
PCB  quiescent  flux,  and  PCB  bioaccumulation  by  a  worm  and  an  amphipod.  Figures  1  through  6 
show  that  the  percent  reduction  achieved  among  the  various  tests  approaches  approximately  90% 
for  a  carbon  dose  of  3.4%.  For  most  of  the  tests,  there  was  a  decrease  in  contaminant  availability  as 
the  dose  increased  from  1.7%  to  3.4%.  However,  for  PAHs,  the  reduction  in  aqueous  concentration 
and  uptake  by  SPMDs  did  not  decrease  as  much  as  for  PCBs  as  dose  increased  from  1.7%  to  3.4%. 
Based  on  these  results,  it  appears  that  there  may  be  different  dose  responses  for  different  compound 
classes,  which  would  depend  on  the  distribution  of  specific  contaminants  in  the  sediment  and  their 
association  among  sediment  particle  types.  For  consideration  of  application  of  activated  carbon  at 
any  particular  contaminated  sediment  site,  it  is  likely  that  a  series  of  tests  similar  to  those  shown 
here  would  be  needed  to  determine  an  appropriate  dose  for  a  desired  endpoint  within  a  specified 
time  period. 

Physicochemical  tests:  Test  series  2-variable  activated  carbon  particle  size.  Figure  7  shows  the 
effect  of  activated  carbon  particle  size  in  reducing  PCB  aqueous  equilibrium  concentrations. 
Crushing  TOG  carbon  to  approximately  25-75  (im  diameter  increased  the  reduction  in  aqueous 
PCB  concentrations  from  82%  to  97%.  No  significant  decrease  in  aqueous  PCB  concentrations 
resulted  from  contacting  sediment  with  granular  F400  carbon.  However,  crushing  F400  particles  to 
75-250  pm  resulted  in  a  67%  reduction  in  aqueous  PCB  concentration.  Analysis  of  these  data  to 
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assess  the  behavior  of  individual  congeners  showed  that  aqueous  PCB  concentrations  for  the 
granular  F400  treatment  were  reduced  only  for  some  of  the  lowest  molecular  weight  PCB 
congeners.  For  the  case  of  Hunters  Point  sediment  and  the  higher  molecular  weight  congeners 
present,  these  activated  carbon  particle  size  tests  establish  an  upper  bound  for  the  carbon  particle 
size  that  manifests  a  beneficial  effect  under  optimal  mixing  conditions  in  short  term  tests. 

At  Hunters  Point  the  distribution  of  PCB  congeners  is  weighted  toward  higher  molecular  weight 
PCBs  [7],  and  as  explained  below,  the  mass  transfer  to  activated  carbon  for  higher  molecular 
weight  PCBs  is  slow  in  comparison  to  lower  molecular  weight  congeners.  Activated  carbon  as 
large  as  granular  F400  may  be  effective  with  other  sediments  where  the  distribution  of  congeners  is 
dominated  by  lower  molecular  weight  congeners. 

Numerical  model  results.  We  used  numerical  modeling  to  help  understand  the  PCB  mass  transfer 
rates  and  mechanisms  occurring  in  our  contact  experiments.  The  model  simulates  the  mass  transfer 
of  PCBs  as  a  two  step  process— desorption  from  two  domains  of  sediment  particles  followed  by 
adsorption  on  activated  carbon.  By  modifying  input  parameters  with  respect  to  carbon  dose  and 
particle  size  we  estimated  how  changing  activated  carbon  dose  or  particle  size  affects  the  aqueous 
concentrations  of  PCBslOl  (22'455'-PCB)  and  118  (23'44'5-PCB). 

Table  2  shows  results  from  model  simulations  for  PCBs  101  and  118  using  different  doses  of  75- 
300  (tm  diameter  activated  carbon  treatment  doses.  Measured  values  of  relative  aqueous 
concentration  (Caq,treated/Caq,untreated)  for  28-d  contact  are  also  shown.  Comparison  of  results  in  Table 
2  shows  the  following.  First,  the  model  predicts  lesser  reduction  in  aqueous  phase  concentrations 
for  PCB  118.  Second,  the  model  predicts  that  increasing  activated  carbon  dose  decreases  aqueous 
PCB  concentration.  In  both  cases,  the  trend  predicted  by  the  model  is  in  agreement  with  the 
experimental  results.  That  is,  the  model  predicts  greater  activated  carbon  sorption  of  PCB  101  and 
increasing  sorption  with  increasing  carbon  dose.  However,  the  relative  aqueous  concentration 
values  predicted  from  modeling  are  consistently  lower  than  the  measured  relative  concentration 
values  by  a  factor  of  3-5  for  PCB  101  and  a  factor  of  2-3  for  PCB  1 18. 

Results  from  modeling  the  effects  of  variable  activated  carbon  particle  size  are  presented  in  Table 
3.  This  shows  aqueous  PCB  101  concentrations  are  consistently  reduced  to  a  greater  degree  than 
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PCB 1 18,  as  was  the  case  in  the  variable  dose  experiments.  Also,  decreasing  activated  carbon 
particle  size  significantly  increases  the  effectiveness  in  reducing  aqueous  PCB  concentrations. 
Similar  to  the  modeling  results  from  the  variable  dose  simulations,  the  model  overpredicts  the 
effectiveness  of  the  activated  carbon  in  reducing  aqueous  PCB  concentrations.  In  this  case,  the 
model  overpredicts  the  effectiveness  by  a  factor  of  2-6  for  TOG  carbon,  and  by  a  factor  of  7-17  for 
F400  carbon. 

We  envision  PCBs  desorbing  from  sediment  particles  into  the  bulk  water  and  then  sorbing  to  the 
outermost  portion  of  the  activated  carbon  particles.  PCBs  then  diffuse  slowly  toward  the  carbon 
particle  center,  which  may  occur  over  a  period  of  months  to  years  for  the  more  highly  chlorinated 
PCBs.  Diffusion  of  PCBs  out  of  the  sediment  and  into  the  activated  carbon  pores  is  retarded  by  the 
strong  sorption  to  the  pore  walls  and  is  slower  for  more  hydrophobic,  higher  molecular  weight  PCB 
congeners  as  compared  to  lower  molecular  weight,  less  hydrophobic,  congeners.  The  model 
predicts  slower  mass  transfer  of  the  higher  molecular  weight  congeners  from  the  sediment  into  the 
carbon.  This  is  a  consequence  of  several  mass  transfer  steps  for  the  PCBs  moving  from  the 
sediment  into  the  carbon,  any  of  which  could  cause  the  slow  uptake  of  higher  molecular  weight 
PCBs  including  the  aqueous  concentrations  of  the  different  congeners. 

The  increased  effectiveness  of  activated  carbon  treatment  with  decreasing  particle  size  is  clearly 
evident  from  Table  3.  However,  the  models  are  less  consistent  with  regard  to  predicting  the 
increase  in  effectiveness  of  activated  carbon  due  to  decreasing  particle  size  than  it  is  for  predicting 
the  effect  of  increasing  dose.  This  is  likely  due  in  small  part  to  differences  between  the  physical 
properties  of  TOG  and  F400  carbon.  A  more  probable  reason  for  disagreement  between  modeled 
and  measured  aqueous  concentrations  is  the  values  taken  for  the  activated  carbon/water  partition 
coefficient,  Kac ■  The  values  we  used  in  modeling  were  obtained  from  Jonker  and  Koelmans  [16], 
who  measured  Kac  for  systems  comprising  activated  carbon  and  clean  water.  In  contrast,  for  our 
systems  Kac  may  actually  be  substantially  lower  due  to  competition  from  other  adsorbents  such  as 
humic  materials  and  other  PCBs  and  PAHs,  or  due  to  pore  blockage.  The  modeling  showed  that  by 
decreasing  the  Kac  value  by  a  factor  of  4-270  (median  24)  from  that  reported  by  Jonker  and 
Koelmans  [16]  for  clean  water  led  to  significantly  better  agreement  between  modeled  and  measured 
aqueous  PCB  concentrations. 
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Another  probable  reason  for  disagreement  between  the  numerical  model  and  experimental  results  is 
the  use  of  equation  2  for  the  estimation  of  the  diffusivity  in  activated  carbon.  In  highly 
microporous  solids  like  activated  carbon  the  effective  diffusivity,  Dejj,  is  further  reduced  due  to 
constricted  diffusion  in  narrow  pores  [17].  Multiplying  the  right-hand  side  of 
equation  2  by  a  constrictivity  factor,  Kr,  of  0.002-0.25  (median  0.04)  also  leads  to  significantly 
better  agreement  between  model  and  experimental  results. 

Thus  the  numerical  mass  transfer  model  is  capable  of  qualitatively  reproducing  the  effect  of 
sediment-PCB  association  and  activated  carbon  uptake  on  aqueous  PCB  concentrations  for  well- 
mixed  systems,  but  systematically  overestimates  the  actual  reduction  in  PCB  aqueous 
concentration.  Sediment-impacted  values  of  Kac  for  activated  carbon  contacted  with  fine 
sediments  from  Hunters  Point  and  measured  values  of  Dejf  from  kinetic  uptake  studies  may  provide 
more  accurate  parameter  values  and  improve  agreement  between  measured  and  modeled 
concentrations. 

In  conclusion,  we  found  that  varying  the  dose  of  activated  carbon  mixed  with  contaminated 
sediment  strongly  affects  the  degree  of  reduction  in  aqueous  PCB  and  PAH  concentrations,  PCB 
and  PAH  uptake  by  SPMDs,  and  PCB  quiescent  flux  to  overlying  water.  PCB  bioaccumulation 
by  N.  arenaceodentata  and  L.  plumulosus  showed  a  definite  dose  response,  with  greater  reduction 
in  biouptake  with  increasing  activated  carbon  dose,  up  to  93%  and  90%,  respectively,  with  3.4% 
carbon.  The  effect  of  the  carbon  doses  on  aqueous  concentration  or  uptake  by  SPMD  was  not  as 
pronounced  for  PAHs  as  for  PCBs.  Our  short-term  experiments  clearly  showed  the  importance  of 
activated  carbon  particle  size,  corroborating  the  results  shown  by  others  [3,  4]  on  greater  reduction 
in  contaminant  availability  with  increased  sorbent  external  surface  area.  Our  data  also  suggest  that 
there  is  an  upper  limit  to  the  activated  carbon  particle  size  that  can  be  effectively  applied  with  this 
sediment.  We  compared  measured  versus  modeled  aqueous  PCB  concentrations  and  conclude  that 
determining  Kac  and  Dejf  values  for  activated  carbon  contacted  with  sediment  will  likely  improve 
agreement  between  measured  and  modeled  values  in  mixed  systems. 
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Table  1:  Summary  of  activated  carbon  properties 


TOG 

F400 

Particle  diameter  (pm) 

75-300 

420-1700 

Solid  density  (g/mL  solid) 

1.96 

1.80 

Carbon  source 

Coal 

Coal 

Percent  elemental  carbon 

87% 

89% 

Specific  surface  area  (m2/g) 

938 

1,100 

Porosity  (volume  void/total  particle  volume) 

0.55 

0.59 

Manufacturer 

Calgon 

Calgon 

Table  2:  Results  of  numerical  modeling  of  the  aqueous  concentration  of  polychlorinated  biphenyls 
for  an  activated  carbon  dose  of  3.4%  dry  mass  basis  and  28-d  contact.  Caq,meas/Caq,mod  is  the  ratio  of 
the  measured  aqueous  concentration  to  the  aqueous  concentration  obtained  from  modeling.  Rac  is 
the  geometric  mean  activated  carbon  particle  radius  used  in  model  simulations. 


PCB 

Dose  (%) 

TOG  Carbon 

Dia  (pm) 

Rac  (pm) 

Caq,  treated/C 

Measured 

aq, untreated 

Modeled 

Caq,meaf/Caq,mod 

Comparison 

101 

3.4 

75-300 

75 

0.086 

0.019 

4.6 

118 

3.4 

75-300 

75 

0.11 

0.033 

3.3 

101 

1.7 

75-300 

75 

0.15 

0.037 

4 

118 

1.7 

75-300 

75 

0.2 

0.064 

3.1 

101 

0.34 

75-300 

75 

0.54 

0.17 

3.2 

118 

0.34 

75-300 

75 

0.68 

0.26 

2.6 
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Table  3:  Results  of  numerical  modeling  of  the  effect  of  activated  carbon  particle  size  on  the 
aqueous  concentration  of  polychlorinated  biphenyls  for  3.4%  total  carbon  mass  and  28-d  contact. 
Note  a:  Not  available. 


PCB 

Activated  carbon 

Type  Dia  (Jim) 

Rac  (M-m) 

Caq,treated/C 

Measured 

aq,untreated 

Modeled 

Caq,meaf/Caq?mod 

Comparison 

101 

F400  granular 

420-1700 

420 

NAa 

0.085 

NA 

118 

F400  granular 

420-1700 

420 

1 

0.14 

7 

101 

F400  coarse 

75-250 

68 

0.24 

0.015 

17 

118 

F400  coarse 

75-250 

68 

0.25 

0.026 

10 

101 

TOG  coarse 

75-300 

75 

0.12 

0.019 

6.4 

118 

TOG  coarse 

75-300 

75 

0.17 

0.033 

5.2 

101 

TOG  fine 

25-75 

22 

0.013 

0.0057 

2.3 

118 

TOG  fine 

25-75 

22 

0.02 

0.01 

2.0 

Aqueous  equilibrium  Aqueous  equilibrium 

PAH  concentration  (ng/L)  PCB  concentration  (ng/L) 
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Treatment 


Treatment 


Figure  1.  Aqueous  PCB  (a)  and  PAH  (b)  concentrations  for  Hunters  Point  sediment  contacted  with 
varying  doses  of  activated  carbon  for  one  month.  The  activated  carbon  is  coarse  (75-300  (im)  type 
TOG. 
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Figure  2.  Aqueous  PCB  homolog  concentrations  for  Hunters  Point  sediment  contacted  with  varying 
doses  of  activated  carbon  for  one  month.  The  activated  carbon  is  coarse  (75-300  |im)  type  TOG. 
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Figure  3.  PCB  mass  uptake  by  SPMDs  for  Hunters  Point  sediment  contacted  for  one  month  with 
varying  doses  of  activated  carbon.  The  activated  carbon  is  coarse  (75-300  (im)  type  TOG. 
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Figure  4.  PAH  uptake  by  SPMDs  for  Hunters  Point  sediment  contacted  for  one  month  with  varying 
doses  of  activated  carbon.  The  activated  carbon  is  coarse  (75-300  (im)  type  TOG. 
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Figure  5.  Uptake  of  PCBs  by  XAD  beads  suspended  above  Hunters  Point  sediment  contacted  with 
varying  doses  of  type  TOG  (75-300  pm)  activated  carbon  for  one  month. 


PCB  tissue  concentration 
(mg/kg  wet  weight) 
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Figure  6.  PCB  bioaccumulation  by  N.  arenaceodentata  and  L.  plumulosus  during  56-d  exposure 
tests.  Sediment  was  contacted  for  one  month  with  varying  doses  of  75-300  (im  type  TOG  carbon 
prior  to  the  bioaccumulation  tests. 
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Figure  7.  Aqueous  PCB  concentrations  for  Hunters  Point  sediment  contacted  with  varying  sizes  of 
TOG  and  F400  carbon  for  one  month. 
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An  overview  of  field  mixing  technologies. 


Upal  Ghosh,  Dennis  Smithenry,  Richard  G.  Luthy 


MIXING  EQUIPMENT  AND  TOOLS  FOR  POSSIBLE  USE  IN  BLENDING 
ACTIVATED  CARBON  TO  SEDIMENT  IN  THE  FIELD 


Upal  Ghosh,  Dennis  Smithenry,  Richard  G.  Luthy. 

The  application  of  activated  carbon  to  a 
large  area  of  contaminated  sediments,  and 
providing  adequate  mixing  to  facilitate  good 
mass  transfer  of  contaminants  is  a 
challenging  but  not  insurmountable 
engineering  problem.  Shown  on  the  right  is 
a  picture  of  the  gently  sloping  inter- tidal 
zone  in  Hunters  Point  South  Basin  that  is  the 
proposed  demonstration  site  for  a  ESTCP 
project.  We  have  looked  into  the  literature 
and  consulted  with  several  vendors  to  leam 
from  similar  engineering  applications 
involving  soil  and  sediment  mixing.  We  have  found  five  basic  categories  of  equipment  that  can 
be  used  for  mixing  viscous  slurries  after  adding  an  amendment: 

1.  Tools  used  in  agriculture  for  seed/fertilizer  application  and  mixing  into  soil.  These 
equipments  (eg.  rakes  and  disks)  typically  are  tractor  mounted  and  can  cover  large  areas. 
Although  designed  primarily  for  soil  applications,  some  of  these  technologies  can  be  adapted  for 
wet  sediment  conditions.  The  big  advantage  of  these  equipments  is  the  widespread  availability 
across  the  country  and  also  relatively  low  cost.  Golder  Associates  have  adapted  these 
equipments  for  the  delivery  of  nitrate  to  sediments  in  their  Limnofix  technology.  Cost  estimates 
for  the  sediment  application  is  available  from  large-scale  trials  of  the  Limnofix  technology. 
Golder  Associates  have  adapted  agricultural  equipment  for  their  Limnofix  treatment  technology 
for  sediments  where  they  add 
nitrate  to  sediments  as  an  alternate 
electron  acceptor  for  the 
degradation  of  hydrocarbon 
contaminants.  They  use  a  ‘chisel 
plow’  to  deliver  the  nitrate  below 
the  sediment  surface  and  to  till  the 
surface  during  application.  They 
have  also  used  this  technique  for 
submerged  sediments  by  attaching 
the  ‘chisel  plow’  to  a  crane 
mounted  on  a  barge.  Lor  our 
application,  delivering  the  carbon 
slurry  through  the  small  orifice  of 
the  chisel  may  be  tricky  and  we 
may  need  to  lay  out  the  carbon  first 
before  plowing.  (Picture  was 
provided  by  Brian  Senefelder  of  Golder  Associates) 


2.  Tools  used  in  the  chemical  stabilization/solidification  industry.  Such  treatments  are  carried 
out  to  enhance  the  geotechnical  properties  of  soil  or  sediment  before  building  or  bridge 
construction,  or  for  the  purpose  of  stabilization  of  a  hazardous  waste.  In  these  operations  a 
stabilization/solidification  agent  such  as  cement  or  fly- ash  is  amended  to  soil  or  sediment  and 
mixed  to  create  a  uniform  paste  that  solidifies  over  time.  These  are  typically  large-scale 
operations  and  a  good  mixing  of  the  amendment  with  the  soil/sediment  is  required.  Depth  of 
application  in  these  treatments  can  reach  several  meters.  Due  to  the  long  history  of  these 
applications,  cost  figures  are  available.  The  top  figure  shows  the  use  of  backhoes  in  a  large  soil 
mixing  application.  Figure  below  shows  the  use  of  an  auger  device  for  soil  mixing.  Source  of 
the  two  figures  below:  Conner  J.R.  (1993).  Chemical  Fixation  and  Solidification  of  Hazardous 
Wastes,  Van  Nostrand  Reinhold. 


Williams  Environmental  Services,  has  used  an  injection 
system  for  sediment  solidification  with  cement  mortar 
(figure  on  the  right).  In  these  operations  a 
stabilization/solidification  agent  such  as  cement  or  fly- 
ash  is  applied  by  injecting  a  slurry  and  mixing  to  create 
a  uniform  paste  that  solidifies  over  time.  In  a  recent 
application  at  a  superfund  site  (Koppers  Co,  Ashley 
River),  Williams  Environmental  Services  used  this 
technology  for  in- situ  solidification  of  one  acre  of 
marine  sediments  contaminated  with  creosote, 
pentachlorophenol,  and  copper- chromated- arsenate. 

For  our  purposes,  a  GAC  slurry  may  be  pumped  and 
mixed  into  sediment  using  the  injector  arm  with  the 
machine  located  near  shore.  For  larger  scale  operations, 
the  injector  arm  could  be  mounted  on  a  marsh 
excavator  or  on  a  barge  for  greater  portability  over  soft  or  submerged  sediments. 


3.  Tools  used  for  underwater  weeding  operations.  Underwater  roto tillers  may  be  suitable  for 
applications  where  the  contaminated  sediment  is  sub -tidal.  These  tools  are  barge  mounted  and 
can  work  in  shallow  water  depths.  Cost  per  acre  of  treatment  is  low  for  shallow  depths  of  tilling. 
Rototilling  (underwater  rotary  hoeing)  is  a  mechanical  option  for  weed  control  and  can  be  used 
in  water  depths  of  between  1 .5  and  4  m.  The  underwater  rototillers  are  designed  to  dig  into  the 
sediments  to  uproot  the  weeds.  The  depth  of  sediment  penetration  affects  the  results.  Deep 
rototilling  (to  ca.  3-5  cm  sediment  depth)  is  more  costly  ($5000/ha)  but  provides  a  greater 
duration  of  control  (1-2  years),  while  shallow  rototilling  (blades  set  at  surface  of  sediment)  is 
more  rapid  and  less  costly  ($  1000-2000/ha)  but  provides  only  about  six  months  control.  These 
equipment  may  be  used  for  carbon  mixing  in  sub-tidal  sediments.  One  would  probably  need  to 
deploy  silt  screens  to  enclose  the  area  of  application  and  prevent  sediment  relocation  during  such 
a  disruptive  underwater  application. 

(From:  National  Institute  of  Water  &  Atmospheric  Research  Limited,  New  Zealand) 
http://www.niwa.cri.nz/rc/prog/aquaticplants/weedman/control 
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“Costs  for  a  private  contractor  to  harvest  plants,  remove  obstacles,  rototill,  and  collect  and 
dispose  of  plants  range  from  $1,500  to  $2,000  per  acre.”  From:  Washington  State  Department  of 
Ecology,  (http://www.ecy.wa.8ov/prosrams/wa/plants/mana8ement/aqua027.html) 


Aquatic  Environments,  Inc.,  has  a  barge-like  machine  (see  figure  below)  with  a  rotovator 
attachment  that  is  typically  used  to  disrupt  weed  growth  in  marshy  areas.  The  Aquamog  maybe 
deployed  on  the  water  during  high  tide  and  rested  on  the  sediment  at  low  tide.  Then  GAC  can  be 
spread  onto  the  surface  of  the  sediments  via  a  backpack  spreader  (larger  scale  options  exist) 
located  on  the  Aquamog.  Next  the  rotovator  arm  can  mix  the  GAC  into  the  sediments,  with  the 
depth  of  the  mixing  controlled  by  the  speed  and  downward  pressure  of  the  rotovator. 


4.  Solids  injection  into  the  ground  using  a  high  pressure  water  jet. 

High  pressure  water  jet  has  been  used  to  aerate  lawns  and  golf  courses  and  to  introduce  sand  into 
the  ground.  The  Dryject  technology  uses  a  high  pressure  water  jet  to  create  a  6-8  inch  hole  in  the 
ground  and  pull  in  sand  that  fills  up  the  hole.  This  technology  may  be  used  to  introduce  granular 
activated  carbon  into  soils  or  sediments.  The  equipment  drive  mechanism  will  need 
modifications  for  deployment  in  soft  sediments.  (Figures  below  are  from  www.dryject.com) 


How  Drylect  Works 


It  all  Happens  in  the  blink  of  an  eye 


Dry  material  is  drawn 
into  the  soil  by  a 
vacuum  created  by 
the  water  blast. 


O 


In  a  fraction  of  a 
second,  the  root  zone 
is  aerated  and  the  soil 
is  amended. 


5.  Portable  tools  used  in  the  industry  to  mix  batches  of  thick  pastes  and  slurries. 

Portable/stand  mountable  mixing  devices  are  used  in  industry  for  batch  mixing  of  viscous 
slurries  such  as  food  processing  and  solids  blending.  These  mid-range  mixing  devices  are 
designed  for  batches  of  tens  of  gallons  and  may  be  suitable  for  small  pilot-scale  studies  where 
plot-size  is  too  small  for  the  mobilization  of  the  above  large-scale  equipments.  These  tools  are 
available  with  electric  or  pneumatic  drives.  The  pneumatic  drives  are  preferable  for  safety 
considerations  under  wet  sediment  environments.  Pneumatically  driven  portable  mixers  of  the 
type  shown  below  are  used  widely  in  the  food  processing  industry  and  also  to  mix  paints, 
cement,  and  other  industrial  materials.  The  mixing  head  is  typically  4-6  inches  in  diameter  and 
can  be  operated  at  low  rpm  and  high  torque  for  viscous  materials. 

(Figures  from  http://www.csunitec.com/) 
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Unpublished  results 

a)  PCB  desorption  kinetics  from  Hunters  Point  sediments; 

b)  Kinetics  of  PCB  adsorption  into  carbon 

c)  Demonstration  of  PCB  mass  transfer  from  sediment  to 

carbon 


UNPUBLISHED  DATA  REPORTS 

a)  PCB  desorption  kinetics  from  Hunters  Point  sediments.  The  maximum  rate  of  desorption 
of  PCBs  from  three  samples  of  sediment  from  Hunters  Point  were  measured  using  the  Tenax 
resin  desorption  technique.  The  Tenax  desorption  method  is  described  in  the  paper  presented  in 
Appendix  I.  The  three  sediment  samples  tested  are  named:  “Old  HP”  referring  to  the  sediments 
used  for  most  of  the  carbon  amendment  experiment  and  which  came  from  close  to  the  shore  and 
near  the  landfill.  Two  other  sediment  samples  collected  in  2002  named  HP#4  and  HP  #3  are 
progressively  farther  away  from  the  landfill  and  into  the  bay.  Total  PCB  concentrations  in  these 
three  sediments  are  9.9  mg/kg  for  “Old  HP”,  0.7  mg/kg  for  “HP#4”,  and  0.3  mg/kg  for  “HP#3”. 
As  shown  in  the  figure  below,  a  fraction  of  each  PCB  homolog  is  desorbed  readily  within  the 
first  few  days  followed  by  a  slow  release  of  the  more  tightly  bound  PCBs.  The  fraction  desorbed 
readily  may  be  the  more  bioavailable  fraction,  and  transfer  of  this  bioavailable  fraction  into  the 
added  carbon  sorbent  leads  to  an  enhanced  reduction  of  overall  bioavailability.  Another 
important  observation  from  these  data  is  that  the  fraction  of  available  PCBs  increase  with 
decreasing  PCB  concentration.  The  organic  matter  type  responsible  for  PCB  binding  for  areas 
further  into  the  bay  may  be  different. 
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Figure  1 .  PCB  desorption  kinetics  for  three  sediment  samples  collected  from  Hunters  Point. 


b)  Kinetics  of  PCB  adsorption  into  carbon 

To  better  understand  mass  transfer  rate  limitation  in  the  process  of  PCB  transfer  from  sediment 
to  activated  carbon,  we  independently  measured  the  rates  of  PCB  desorption  from  sediment  into 
water  and  the  rates  of  PCB  adsorption  from  water  into  activated  carbon.  As  shown  in  the  figure 
below,  the  initial  rates  of  adsorption  of  PCBs  into  carbon  are  rapid,  taking  place  within  the  first 
hour  compared  to  the  desorption  rates  that  take  place  in  the  order  of  hundreds  of  hours.  Thus,  we 
expect  the  initial  mass  transfer  of  PCBs  from  sediment  into  the  carbon  to  be  controlled  by  the 
rates  of  desorption  from  the  sediment.  However,  over  time,  as  the  easily  accessible  outer 
surfaces  of  the  carbon  are  occupied,  the  rates  of  adsorption  can  slow  down  significantly  leading 
to  a  situation  where  the  mass  transfer  is  limited  by  slow  diffusion  into  the  carbon  interior.  Thus, 
particle  size  of  carbon  may  have  a  big  impact  on  rates  of  mass  transfer  in  the  long  run.  Also,  the 
initial  rates  of  PCB  adsorption  into  carbon  seem  to  be  independent  of  PCB  chlorination  level. 

The  rates  of  PCB  desorption  are  a  strong  function  of  PCB  chlorination  level. 
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Figure  2.  Comparison  of  rates  of  desorption  of  PCBs  from  Hunters  Point  sediment  with  the 
measured  initial  rates  of  adsorption  of  PCBs  into  carbon. 


c)  Demonstration  of  PCB  mass  transfer  from  sediment  to  carbon. 

The  demonstration  of  PCB  mass  transfer  from  sediment  into  the  added  activated  carbon  is 
complicated  by  the  fact  that  it  is  very  difficult  to  separate  the  added  carbon  from  the  bulk 
sediment.  Hunters  Point  sediment  naturally  contains  carbonaceous  particles  like  coke  and 
charcoal  that  have  size  and  densities  equivalent  to  the  activated  carbon  we  are  using.  To 
overcome  this  obstacle,  we  used  a  novel  activated  carbon  that  has  ferromagnetic  properties  due 
to  magnetite  embedded  in  the  particles.  Use  of  this  magnetic  activated  carbon  (MAC)  allowed 
us  to  separate  the  carbon  by  magnetic  separation  after  addition  to  the  sediment  and  measure  the 
remaining  PCBs  in  the  sediment  after  contact  with  the  MAC.  Results  shown  below  indicate  a 
loss  of  45%  of  total  PCBs  from  the  sediment  after  contact  with  the  MAC  for  1  week.  We 
confirm  through  these  measurements  that  when  field  sediments  are  mixed  with  activated  carbon, 
PCBs  repartition  from  the  sediment  into  the  added  activated  carbon. 
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Figure  3.  PCB  concentration  by  homolog  in  hunters  point  sediment  before  and  after  contact  with 
magnetic  activated  carbon  and  removal  of  the  carbon  from  the  sediment. 


